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The environmental impacts caused by motorboats have been
the subject of several recent studies. Much of the technical
information which has been amassed so far deals with the
effects of two-cycle outboard motorboat engines on water

- quality and the health of aquatic organisms (Jackivicz, et.

al. 1973). A few studies have shown there are short-term
changes in. turbidity and other water parameters while boats
are operating, but the effects are very temporary {(Yousef,
1974, et. al., 1978; anderson, 1976; Moss, 1977; Liou and
Herbich, 1977). None of the studies have concluded that
these short-lived environmental impacts are actually
detrimental to the ecology of isolated lakes 'or small creeks
and coves where boats operate,

There have also been several recent studies on the
impacts of boat wakes, but most of the attention has been
directed to the wake characteristics of large commercial
ships, barges, and tugboats. Information has been gathered
to address some suspected environmental problems where boat
wakes travel ocut of shipping-lanes onto recreational beaches,
and where wakes wash against levees in restricted channels
and canals (Hay, 1968; Das, 1969; Johnson, 1969; Collins, et
al, 1971). The technical studies show how different types of
passes by these large-hulled craft can produce different
wakes along the shoreline (Brebner, et, al., 1966; Johnson,
1957, 1968, 1969; Sorensen, 1967a, b, 1973; Das and Johnson,
1970). ' : s : '

This document describes a study of the role of wakes
from smaller boats in causing erosion along the shoreline in
areas which are relatively sheltered from natural wind-
generated waves. The Severn and South Rivers are two
tributaries to the Chesapeake Bay near Annapolis which are
popular for recreational boating, along with the smaller
creeks and coves adjacent to the main river channels. The
information which was collected as part of this study was
used to answer some important questions about the relation-
ship between recreational motorboating and shorellne erosion
in these areas:

1. What levels of wave energy are associated with boat
wakes in particularly popular areas, and-how do the
wakes compare with the normal wind-generated waves
as a source of energy for erosion and :
transport at the shoreline?

2, Can different typés of‘bbating patterns change the
levels of wave energy in boat wakes which break .
along the shoreline?



3. How do rates of shore erosion during the boating
' season compare to other times. of the year?

i

This study report describes measurements of boat wakes, '

wind waves, and shoreline surveys collected over a one-year
period which included a single boating season and a single
winter storm season. Thus, the length of time over which
the data base extends is limited, and the results are
strictly applicable only to the shorelines at the study
sites, Nevertheless, the limited data set and associated
analysis provide preliminary answers to the questions above
which will be useful to scientists, managers, decision-
makers, and other persons who participate with interest in
public forums and related discussions where recreational
motorboating is regarded as a significant management issue,

Chris Zabawa
Chris Ostrom
December 1, 1980
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 EXECUTIVE SUMMARY

In 1976, the Maryland General Assembly passed a reso-
lution requesting that DNR design and undertake a study to
determine whether recreational motorboat traffic is detri-
mental to the ecology of small creeks and coves in Anne
Arundel County. The data which are described in this report
were collected at five popular areas for motorboating to
assess the effects of boat wakes on shore erosion. Over a
one-year period, wave energy in boat wakes at each site was
compared with the energy in wind waves to show the increased
potential for shore erosion due to boats. Erosion rates
during the boating season were also compared to other times
of the year at each of the study sites. Finally, wakes were
measured from controlled boat passes to determine the im-
portance of different boat speeds and distances from the
shore in producing different-sized wakes.

Except at one site, the most important contribution to

shore. erosion during the year of study was Tropical Storm David,

which passed through Maryland in September, 1979, and was
acconpanied by the greatest changes in some of the shoreline
profiles. Wind waves ranked behind the storm effects; and in
all cases, boat wakes contributed less energy for erosion than .
wind waves. o

Only one of the study sites showed evidence of erosion
during the boating season. This site also had the highest
levels of wave energy from boat wakes, even though some of
the other sites had higher amounts of boat traffic. But the
boats passed particularly close to the shoreline at the site
where erosion occurred during the boating season; conse-

‘quently, the wake energy did not dissipate before reaching

the beach. Thus, the distance to which boats approach the
shore is a very important factor for evaluating erosion due
to boat wakes. '

Two other important factors for evaluating erosion in
small creeks and coves are the physical nature of the sedi-
ments, and the appearance of the shoreline profiles. The
sites used in this study possessed physical characteristics
which are representative of many other shoreline locations
in Anne Arundel County, and the report discusses the par-
ticular characteristics at each site which were important to
the erosion process.

Other factors were also studied because they affect the
heights of waves, and thus the energy, in boat wakes.
Besides distance from shore, the energy in boat wakes varied
with different boat speeds, and with different depths of
water. For the range of water depths in small creeks and

iv



coves of Anne Arundel County, the largest wakes can be
expected from boats travelling slightly faster than the
six-knot speed limit which is posted in many places. This
increases the potential for erosion due to boat wakes in
areas where boats reduce their speeds to conform to posted
speed limits, as well as in areas where boats exceed the
posted speed limit by only a small amount (1-2 knots).

.Chapter VIII of this report contains a table of
‘calculations for estimating those bhoat speeds which will
generate maximum wakes in creeks and coves with different
water depths. These ranges of boat speeds are suitable for
use in a review of existing State policy to suggest changes
in boating speed limits based on both safety .and environ-
mental reasons; but, this study shows that other environ-
mental factors also need to be considered, especially the
physical nature of the shoreline in any particular area, and
the distance away from shore which motorboats pass.

]
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INTRODUCTION

Chris Zabawa, Chris Ostrom,
Robert J. Byrne, John D. Boon II1
Rhonda Waller, and Deborah Blades

'Purppse of the Study

- Since thé close of World War II, the population in the
countieskfringing the Chesabeake Bay estuary in Maryland has
increased dramaticall?, particularly on the western shore.
Along with this population increase, fecreational boating
activity on the waterways has also increased substantially.
Fbr example, between 1968 and 1973, the number of pleasure

boats registered in the State of Maryland grew at an annual

‘rate of about 5% (from about 62,000 boats registered in 1968

to over 76,000 in 1973) (Roy Mann Assoclates, 1974).
Approximatély 40% of this increase in registered boats was.
concentrated in Anne Arundel, Baltimore, Harford, Cécil,
Kent, Queen Annes, and Talbot éounties.

There has been increasing concern that the wakes
generated in some of these areas due to the heavier boat
traffic may be accelerating rates of éhore_erosioh,
particularly in the smaller creeks and coves. In 1976, the
Maryland General Assembly paésed a resolution requesting the
Department oleatural Resources to undertake a study to
evaluate whether recreational motorboat traffic is
detrimental to the ecology of small creeks and coves in Anne

Arundel County, Maryland (Appendix A).

1-1



Potential impacts Efom motorboats in small creeks and
coves could include effects on the turbidity and mixing of
the Wéter.‘toxic effects of oil and gas emissions from boat
'~ engines, damage to aquatic vegetation, and increased shofe
erosion due to boat wakes. 1In response to the Generai
Assembly resolution, DNR éonducted a literature search of
previous boating studies with the cooperation of Federal
agencies, and assessed the implications of existing

technical information for small creeks and coves in Anne

Arundel County. There were few pertinent studies found, and

none concluded that boating impacts were actually
detrimental to the ecology. The Environmental Protection
Agency is presently engaged in further studies of some
potential boating impacts in the South River»(Williams and
Skove, 1980). Several years' wor;h of data are required in
many of'these studies to obtain an understanding of cause
and effect, since the variability of environmental factors
can be fairly large from year to year.

On the other hand, a one year study of boat-wake
energy and shore erosion can érovide an indication of the
potential seriousness of the problem for sites similar to
those selected in Anne Arundel County. Therefore, in
response to the General Assembly Resolution, the Department
of Natural Resources elected to conduct a study to evaluate
the contribution of boat-wake energy ﬁo the erosion of the

shoreline fringes of small creeks and coves.

;el e sl
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Contents of this Report

This report describes the collection and analysis of

data from five shoreline sites to test three hypotheses:

1. Boat-wake energy is a substantial contributor to

thé overall wave-energy budget at the study sites.

- 2. Erosion of the shoreline sites is higher during

the boating season than at other times of the year.

3. Different boat deéiqns and passage characteristics
can change the levels of ane‘energy in boat

wakes.

To test the first two hypotheses, measurements of boat
wakes were collected during the summer of 1979, and
measurements of wind waves were collected at all times of

the year between October 1978 and October 1979. 1In

addition, shoreline surveys at the study sites were

collected on a monthly basis between October 1978 and
October 1979. The study sites constituted a representative
cross—-section of shoreline types. {(including beach,’maréh,

and bluff) in Anne Arundel County. The principal sites and

.shoreline surveys are described in Chapter IV of this

report. Some alternative sites were chosen to be used by

the consultants in case the boating patterns at the originél

 five selected sites were not as anticipated. Chapter V

contains descriptions of these additional sites.



S ee——y WSS G I THII WENE SO S S WS S S S W T Wy Sy w.--.

g xTpuaddy pue 1I1A a8idey) woag °¢
. . . *1A as3adey) woag -7
‘Al 1@3dey) woayg I

: - _ . (aM) 8'69 3991D a8Tpaulew

%6°0 S 0§9'ST.  6¥C’I8T’¢ (am) 9°v¥ Ut ysaew 393004 -3
. | - . , _ . apisuiaaag .

_ _ (IM) 8°89¢2 e I9ATY uaaassg
$b°8 L §9° ¢ 099‘L¥e 0TE‘696°9 . (am) 8°6qT A2MOT UOC 33NTd - da

| — _ . _ FEEER)

B Lo ‘ (3M) z°9z¢ peoig uo X103
%902 . %9°6 ovo‘9Le  T66°€T8’E (am) z°g6 -uowoad Aysiaew 3

pueIsI 95009
Ieau I3aa1y
L S : (3M) T°b¥eE yinos aaddn
$9°¢ - $L°T - 089°0L ELTECET ¥ (am) 6° 16 uo jueq dasig . g

¥oo1) SSauxel
3e 29aTY Y3nos

o v : : _ (dm) L'seL A3MOTT uo 31ds
LA 8C°C 001’811 9T8‘05%’S (aMm) g°oLT pues paje3sbap v
uosesg butieog ur Abasug ~ayeMm aaeM puaxoom = dM
saqem Ul Abasug SxeM-3eog jeog. . pPUTM AepyeoM = aM
2AaeM JO § gATaeax (»,33/59T-33) Abasud oaepm Aeq 193 sossed {U013e207 9118
RN : .,mummnsm AbIsug saeMm ATaesjx z-3eod obeaaay. . - .

€

T°T 3719V 4



- En G . am @

/ " - "” ; : BN -lr

Boating patterns at each of the five principal sites

during the summer of 1979 até described in Chapter VI. The

wind-wave measurements are contained in Appendix B, and

the wind-wave energies are compared to boat wakes in
Chaptet'ViI.
To test the third hypothesis listed above, trial runs

of boats with-ﬁwo different hull dosidns were conducted at

one shoreline site, and the wakes from different boat passes

were compared for boat passes at different speeds 'and
distances from the shoreline. These data are deséribed and

analyzed in Chapter VIII,

The Results

"Table 1.1 (opposite) summarizes the boating frequencies
and wave-energy budgets which were collected for the study.
At fbur of the study sites, there was no increase in shore-
er)sion which could be at:ributed to boating during the
summer. The most important”contribution to shore erosion
was Trgpical Storm David, which paéséd througtharyland in
early September 1979,. and was éccompénied_by the largest
erosionbin some of the shoreline surveys. Wind waves rank

behind the storm effects in causing the observed shoreline

" changes over the year of observations, and in all cases

boat wakes represented lower levels of wave energy. It is
important to note that these results are drawn from a one-

year data base and do not incorporate any variability which

might be detected over a longer period of data collection.

1-5°



At one site (Site C) there was considerable erosion
of the fastland during the summervof 1979. The boat-wake

energy at Site C is an important factor .responsible for

the erosion, but the physical shoreline séttidg could

also be important. Since Site C is located at a narrow
point on a creek, the boats pass particularly close to
shore relative to the other sites, and wake energy does

not dissipate before reaching the beach. Thus this site

‘experienced the highest boat-wake energy during the

summer of 1979, even though some of the other sites had
higher frequencies of boat passes.
The results of the experiment with controlled boat

passes show different types of boats, and different modes

of operation of the same boat, can produce measurabye.

changes in the wave energy contained in boat wakes. For

the types of boats tested, maximum boat-wake energy oc-

curred when the boat speed was about 8 knots; a high-
speed passage (20 knots) produced lower wake energy; The
water depth in this case was approximately 12 feet. For

different water depths, maximum wake energy can occur at

different speeds since the wave energy varies with both

the speed of the boat and the water depth. 1In water
depths of 6 feet or less, maximum or near-maximum wake

energies can occur at boat speeds closer to 6 knots.

The Conclusions

One conclusion about boat wakes is the largest contribution
to tne total wave energy (and thus to the total potential for

shorc erosion) from wakes can be anticipated where there is a high

. ‘ - -
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frequency of boat passés close to a particular shoreline
éite. The actual level of fastland retreat in'response to
recreational boatiné patterns at any particular site will
also depend upon the ﬁearshore change in slope on the
shoreline profile, upon the composition of the fastland, aﬁd
upon the supply of sediment carfied onto the shoreline site
from alongshore. |

The type of shoreline most susceptible to erosion would -

have a combination of:

o exposed point of land in a narrow creek or cove;

o fastland consisting of easily—erodabie material

such as sand - or gravel; | |

.0 steep nearshore gradient on the shorelihe profile;

-0 location adjacent to a high rate_of boating, with

boat passes‘relatively close to the shoreline.

The site which experienced the most fastland erosion
during the boating season (Site C) had all four of the above
characteristics. |

Three more conclusions about wakes can be drawn from this.
one—year‘siﬁdy for the range of basin depths frequently

encountered in narrow creeks and coves in Anne Arundel County:

1. As boats reduce their speeds to conform to
posted speed limits, they pass. through a speed
range in which the hull generates a maximum

wake, .



2,. If the approach to a posted speed-control area
is within a narrow creek, then the shores
~adjacent to the speed-reduction zone will be

exposed to the high wake energies.

3. Boat operators can unknowinqly qengraﬁé_a
| néar—maximum wake while they are transi;inq a
_wéterwéy if they miseétimate'their speed by énly
a few knots wﬁile their boat is ih a posted

speed-control zone.

E. Thoughts for Managers

The data collected for this study show that depth

conditions are suitable at some shoreline sites in

~ Anne Arundel County for maximum bhoat-wake energies to

be genérated from boats passihg a posted 6-knot (or
6.9 mph) speed-limit- zone. One of the products of
this study is Table 8.3 in Chapter VIII which can be

used to estimate the'spgeds at which maximum wakes

~ would be generated in different areas which have

different water depths. 1In some cases, posting a
lower speed limit would decrease the wave heights in

wakes which break on the shoreline.

Since boats which are slowinq_t@ approach avposted‘

speed-control zone will pdss through the range of

-y S 2 S aa
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speeds which qenerate maximum wake, speed-limit signs
should be posted, when possible, in portidns of
creeks which are so wide that wake energies wili
substantially disSipate before reachinqlthe_‘

shoreline.

3. iThe data collected for this study indicate that the
greatest poténtial for boating to increase erosion
rates above natural leveis ean be expected'when-hidh
frequencies of boat passes'OCCUr,within e feﬁ hundred
feet from the shofe.

N

Suggested Future Studles

Further studies at other sites in Anne Arundel County

are not likely to show boat wakes contribute more wave

_energy than wind waves for shore erosion. 1In the one-year

pefiod of'obsefvations, narrow waterways where boats passed'
closed to the shore held the greatest potential for
increased erosion due to boat wakes. Further studies over a
period of 4 to 5 years might show-this potential is highly
variable depending on boat traffic and boating patterns.

At Site C, about 80% of the boat traffic occurred at

distances of 200 feet or less from the shore; in contrast,

' Site B had about 75% of the boat passes. at distances greatar

than 500 feet. As a result, the wave energy due to boats at
Site B was only about 20% of that experienced at the Broad

Creek site. So boat passes between 200-500 feet_from shore



can épbrediab;yrreduce the level of wave energy in waﬁes
which break a;ong'the shoreline. Furthef observations of
COntrolled-boat pasées over a ‘wider range of distances at
iselected shorellne Sites would permit a more accurate
determlnatlon to be made of the cr1t1cal creak w1dth which
- is needed to produce negllglble wake enerqy along the
‘shorellne. The controlled boat passes which were conducted
for the study descrlbedzln-thlsﬂreport covered the range of
distances from 50 to 200 feet offshore at a single shoreline
site}_vThis fapge»ef controlled bo;t passes should be’
extended to'et;least 500 feet from the shore. 1In addition,
'other'areas'with'different beach and nearshore profiles
_coeld be selected for measuring wakes from controlled boat
passes, and boats with different hull designs could be

4
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THE EROSION PROCESS

Robert J. Byrne, John D, Boon III
Rhonda Waller, and Deborah Blades

Shoreline erosion is defined here as the loss of

subaerial féstland to the .aqueous environment; it is . not

. necessarily reflected in short-term changes in the beach

which can be measured by surveying the shoreline over
periods of a few weeks or months,
As an'example; consider a shoreline segment where the

"factland" is e'bluff (Figure 2.1). 1In the geologic setting

of ?Znne Arundel County, there is generally a narrow sand

beach at the base of the bluff shoreiines. Excavation ef'
this sand beach would disclose that the sand layer was
relativeiy thin. and that within a few feet below the beach
surface the'censolldated bluff sediments would_agaln be
encountered.‘ Observations of shofeline prefiles at such a
site throughout the course of a year wodld quite possibly
show thatithe_widph and depth of the sand lens on this beach
var .ed, while the portion of the«sho:elineeprofile on the
blu £ face remained unchanged

Thls beach is a natural feature which - is formed and
reshaped. by the action of breakiag waves throughout the
nearshore aqd particularly in the swash zone, where the
ﬁndulatory wave motion is transformed into turbulent uprush
and backwash on the beach slope. Once beaches are formed. by

wav: erosion of the fastland sediments, the beach sediments

2-1
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are in turn the most effective natural absorber of wave

enerqgy alonqg the shoreline. The volume of sand on the beach

“at ‘any civen time depends upon wave conditions and water

elevéiibns'oﬁer the previous séveral_days. Since the beach
proéile is so affected by short-term wave events, the
conditicn of a single beach profile is itself not a reliable
Lndicator'of;erosion. However the retreat of the fastland,
whiph can §1so-be meaéured on shoreline profiles through
time, ié an unambiguous indicatbr.

The chief agents of fastland erosion are waQe action
against the shoreline and the eievation of the water surface
botﬁ during the normal tidal cycle and during severe storms.
Tidal currents in certain circumstances may also exert a
significant control 6n shoreline siability. Finally,
surface réiq runoff and groundwater seepage may §lay a
particularly important role in eroding steep bluffs and
banks (Palmer, 1973). During periods of active rainfall or
snow melt,_surface ruﬁoff may trickle down the steep slopes'
of bluffs or banks, and incise small channels in the exposed
sediments. A more serious impact on erosién is pfobably due
to the percolation of rainwater into the sediments which
form the bluffs or steep‘embankments. This seepage can -
subsequently_d;scharqe from the face of an embankment and
cause instability aﬁd slumpind, |

In those bluffs containing impermeable layers, the

_groundwater discharge can be more concentrated where the.

opposite: Figure 2.1 Schematic drawing of a beach at the
base of a bluff.
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upber surfaceiof the impermeablé_layer is exposed. This
surface then becomes a sl ide pléne offering little support
to the sediments above the iayer. _Over the long-term, the
slumﬁinq of these sediments will form a talus deposit at the
base'of the hluff, énd the overall gradient of the exposed
bluff face,will decrease. Vegetation may also grow on the -
bluff fa¢e and stabilize the'erodinq>sediments. However,
with the presence of significant wave action, the télus
materiai at the toe of the bluff is transported away from
the site, leaving the embankment in an oversteepened
configuratioﬁ once again. |

In regions 6f the Chésapeake Bay. basin where wave
energy for sdoré erosion is generated by local winds, the
levels of wave energy are dependent upon the‘open water
distance over which the wind blows (fetch), the duration of
the wind, and most importantly on the Wind speed. However,
the changes which afe produced in the shoreline profile at
any site due to wave energy are dependent upon the level of
the water sufface on the profile,

Several factors controi this level of the water
surface, and thus control the zone of application of
breaking waves on shorelines. Besides the "normél"
semi-diurnal tidal excursion of about 1 foot in the small
‘creeks and coves of Anne Arundel County, the long—ﬁerm
fluctuation in sea level is an addit{onal factor which
influences the level of the wéter'on shoreline profiles.

- Due to the_melting‘of_the polar ice caps over recent |
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geologic time, mean sea level has risen to its present

- location over the past fewfthodsénd'yeats; Within the

Chesapeake Bay region tbe relative'sea—leV¢1‘riSe is
presently_about 1 foot per century.._At Annapolis, thé'sea‘
ievel has risen at least 4 inches since 1929, when tide
gauge records first began to be éolleétéd (Hicks,-1972)
(fiqure'Z.é); While this rate of sea-level rise is slow, it
.is sufficient to_drownrléw—lying_laqu and to maintain a |
continual.lahdward encroachment of the zone of application
of wave energy by natural foréeé on any shoreline profile.

Short-term sea-level variations due to large-scale

atmospheric events also play a strong role in determining

where waves will erode sediments on shoreline profiles.

With the onset and duration of a-regional northeast storm,
variations in regional atmospheric pressure cause additional

water to be forced into some portions of the Chesapeake Bay

basin. This results in a super-elevation of the mean tide

-level, or storm surge, which may overtop a beach in some

_areaé and allow the waves to expend their energy directly

against the fastland. Storm surge elevations of two to

three feet above expected tide level are not uncommon during

northeasters in Chesapeake Bay. As a storm éentEr passes

through the Bay region, the easterly winds shift to the

- north and northwest and frequently become stronger and of

longer duration. This may increase the wind—genérated wave

' héiqhts but it also relaxes the storm tidal surge in the

vicinity of Anne Arundel County as the water level in the
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rivers fringing.the weste;n_gide of'the Bay isithén
depressed bele normal. Under thesé circumstances, the
wave enérgy is'dissipated along the-lqwer:portioﬁs of{the
shoreline profiles on the'foreshoré-éf'the beéch 6r in ﬁhe
neafshore zohe, and the.fastiand is»relatively immane té
direct wave’attéck.

| Even in the absence of major northeasters, several
other factors combine to produce a measurable variation in
mean -tide level throughouf the yéér. These includé an
annuél.vériation in oceanic water temperature, and normal

seasonal ‘differences in regional atmospheric pressure.

At Annapolis, the monthly variation in sea level due to.

all factors is such that between April and Oﬁtqbér_the’mean
tidal level is higher than between November and March
(Figure 2.3). The range in the annual elevation of mean tide
level i about equal to the tide range. The importance of
thislphénémenon is that the zone of applicétion of wa?e
energy is generally at higher elevations on the shoreline
profile during the recreational boatiﬁg season, with the

maximum elevations being attained in August and September,

opposit:: Fiqure 2.2 (top) Changes. in values for yearly
' mean sea level at Annapolis, Md. {(after Hicks,
1972). .

Figure 2.3 (bottom) Monthly 'variation in mean sea
lavel at Annapolis (after Boon, 1978).
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> . III
SAMPLING STRATEGY AND SITE SELECTION

Chris Zabawa, Chris Ostrom, and Mark Alderson

Sampling Strategy

To study the effects -of boat wakes on the erosion

 process which was discussed in the previous chapter,

meaéurements of shoreline changes_wére collected‘OVef.é
year at some selected sites in Anne Arundel County.
Changes in the beach and faStland in the time between
surveys can be discussed in termsvof the wind-generated
wéves which'dissipatéd their'energy-oh the shoreline all
year, and in terms of the boat wakes whiéh are
concentrated dhrinq the summer months. The sites were
selected principally because they were in popular areas
for boating and watef_skiing, but they also are
respresentative types of shorelines which occur in Anne
Arunéel County, including beéch,marsh, and bluff. Some
efforﬁ was made to obtain sites which received wind.

waves from different directions and fetches,

Site Selection

The siﬁe selection process .nvolved the following
steps: |
1) Afeas of intense boating activity were
identified by several groups, including:

a. Magothy, Severn, and South River

Associations;
b. Anne Arundel County Boating Advisory
- Committee; '
c. Anne Arundel County Planning and Zoning
- Office;

d. Maryland DNR Marine Police.
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2)

3)

- 4)

5)

Onée éreas of intense boatidq activity were
iden£ifiéd, potentiai shoreiiné sites were
identified from aerial photographs which acéompany‘
the county tax assessment maps;

Letters were éent ﬁo approximately 120 landowners
explaining the purpose of the study and requesting
ﬁermission'to make:a site visit; .

Visits were made by a DNR team to approximately 84
sites wﬁose,owners haa no objection'to partici-
pating in the study. éites were disqualified if the
owner indicated £hat he ﬁad apblied for a'pérmit
for erosion control structures, or was plannlng to
install shoreline structures within the forthcomxng
year, Owners were also asked whether they feit
their land was located adjacent to an area of high
boating activity. During the site visit, other
observations were made, including: |

a. shoreline and beéch morphology:

b. shoreline sediment. type;

c. evidence of ‘erosion;

d. proximity of shoreline structures,

e, orientation into the wind and approxlmate
fetch;

15 candidate sites were identified from the site

visits. From these, five sites were selected for
study by geologists from Coastal Resources Division
of DNR and Maryland Geological Survey, together

with the consultants,



The locatxons of these f1ve 51tes are shown in
quure 3.1. The s1tes which were selected include:
',Site A. A vegetated sand spit on the

lower South River, at the entrance to
Harness Creek

Site B. A steep bank on the upper South River,
S near Goose Island.

Site C. TA broad, marshy promontory on
- Broad Creek off the upper South River.

Site D. A bluff on the lower Severn River
at Severnside.

Site E. A pocket marsh near the entrance
- of Mayneider Creek, off the upper
Severn River.

fhe sites wefe chosen as being represeﬁtative of
yaryinq physiogfaphic conditions with respect to bank
elevétion; _ sediment cohposition, nearshore bottom
gradiept,jané exposﬁre»to wind-wave activity.

Chapter IV contains a description of the shoreline
profiles‘which were collected at these sites by the
consultants on a monthly basis from October 1978 through
October 1979. Chapters VI'and VII describe the boating
frequenciés which wete measured at these sites during the
summer of‘l979, and the boat-wake energy levels., Appendix B
describes the wind-generated waves which were measured at

these sites during the year of study.

opposite: Figure 3.1 Location map of the consultants'
study sites in Anne Arundel County.
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At the beginning of the study period, two additional
sites were selected-by_studenfs participating in a DNR
co~operative work-study prograr at the Anne Arundel.
Community College. One site (AA) was locatéd along a bluff
and adjaceht pocket marsh inside Harness Creek, in the
vicinity of the conéultanté' site A. Another site (FF) was
located along a beach and sandy marsh at Beard's Point on
the upper South River. These sites were regarded as
"back-up” ‘sites to be used by the consultants in the case
that boating patterns at one of the initial sites A-E were

less intense than expected. The AA Community College

students alsc monitored shoreline changes directly adiacent

to two of the consultants'Asites in areas where a different
ﬁype of shoreline (marsh and bank) was immediately adjacent
to the principal study area. The description of these
additional siées prepared by the students is contained in

Chapter V.
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OBSERVED CHANGES IN THE SHORELINE PROFILES FROM®
: _ OCTOBER 1978 TO OCTOBER '

Robert J. Byrne, John D. Boon III,
Rhonda Waller, and Deborah Blades

Introduction

The five study sites listed in the previous chapter

were surveyed on a monthly basis for a one-year period to

'determine whether there were marked.différences‘in‘the rate' ‘

of fastland retreat during the recreational boating,Seasdh

and during other times of the year. The results presented

in this chapter show few effects are able to be attributéd

to the recreational boating activity in a single season.
The greatest changes were noted after the passage of

Tropical Storm David, which occurred on September 5-6, 1979.

.Other changes in the sufveyed-profiles were also measured

through the year at three of the sitesf .But-only one site
Showed any important change in the shore;ine profile -during
the boéting season,

These shoreline sites couldvbé.resurveyed on a
continuing,seésonal basis with the landqwners'.continded
permission to see whether trends appear in_the profiles
during successive seasons when boatg, windfwavés,'and other

factors affect'the erosion and transport of sediments.

Methods

At each of the sites, three profiling locations were

selectel with a separation distance of 30 feet. Each.
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profile was estabhlished by ihserting‘two reference pipes or
stakes several feet apart on a line perpendicular to the
beach or shoreline. The position of the six reference pipes
was then surveyed with a transit and rod from a fixed bronze
~ survey harker-set in-concrete.

When the shoreline profile§ were surveyed each month,
the grdund elevations along each profile were referenced to
that of the benchmark using a precision level and rod. The
rear reference pipe was considered to be the origin for éach
profile. The ground elevations were survéyed at 3-foot
intervals, and at.all additional intermediate points where a
"slope change occurred. At the two sites withvbluffs (Sites
B and D) the profiles were extended up the bluff face from
the rear stakes, and elevations were surveyed at intervals
up to the instrument height.

In order to test the precision of the profiling
technique, roplications were made at Sites A and B(Figures
4.1, 4.2). Site A was replicated on 11/25/78 with a mean
deviatioh of 0.020. ft. The maximum deviation was 0.075 ft.
atvthe'step-of the foreshore. This difference could repre-
sent a real‘change in the position and elevation of the step

since about one hour elapsed between successive profiles.

opposite: Figure 4.1 (tdp) Plot of duplicate surveys at
Site A on 11/25/78.

Figure 4.2 (bottom) Plot of duplicate surveys
at Site B on 11/4/78.
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The maximum deviatioh'ougside of the step zone was 0.052
ft. The compérative plot is shown in Figqure 4.1. “Site B
was replicated on 11/4/78 with a mean deviation of70,016
ft. The maximum deviation was 0.069 ft. which occurfed

in theAhearshore zone. The mean deviation of elevation

~within the bluff and beach zone was 0.003 ft. with a

maximum deviation of-0.00S ft. The comparative plot is
shown ianiqure 4.2 The replications indicate that the.
profiling method‘is'precise enough to discriminate
chances in elevation as sma111as 0.1 foét. The dateé
when profiles were acquifed aE all_tﬁe study.éites_afe

shown in Table 4.1.

- Results

For the yearflong period of observations,'fastlénd
retreat was measured at three sites (E.C.D). There were
changes in the shoreline profile amounting to a reduction
in the amount of slumpéd material at the toe of the
blﬁffs at sites B»and D. At site D, some bluff retrea£
was also measured after Tropical Stprm David in early
September, 1979. Only at Site C on Broad Creek did
significant fastiand retreat occur during‘the boating
season. . |

At all the sites except Site E, there were

.variations measured in the beach elevations on the

shoreline profiles from month to month. These variations

were largely restricted to the intertidal zone. Only at

4-4
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TABLE 4.1

DATES OF PROFILES

. SITE

Month A B C -D E

Oct, 1978 29 - 29 29 29
Nov 25 24 25 26 26
Dec- 20 .20 20 21 21
Jan, 1979 - - - - -

Feb 3 3 3 3 4
Mar 10 11 10 10 11
Apr 4 16 ﬁis 16 17 17
May - 25 26 26 25 26
June 23 23 23 24 24
‘July 28 28 29 29 29
Aug - 18 18 18 18
Sep 15 15 15 16 16
oct, 1979 20 20 20 21 21“
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Site D was there any significant change in bottom

elevations at points seaward of the low-tide line. A

detailed description of the shore zone response to boat"

wakes and wind waves at each site follows.

SITE DESCRIPTIONS

Site A. A vegefated.sand spit on the lower

South River, at the entrance to
Harness Creek

This site is lécated in the region known as Hillsmere’
<VShoresV{Ei§ures 4.3, 4;4, 4.5). The beach seqment‘chqsen
for monitoring is located on a spit which trends north-south
along the shoreline. The sediments which form the spit were
dérived from e;osion of an adiacent bluff which forms a
headlénd slighﬁly downstream on the South River. This
headland bluff is about 30 feet in elevation, and is.
composed,of interbedded sand, silt and clay deposits of the
Talbot Eormatipn (Pleistoéene Age), with a thin lower
horizon of pebbiy sand and gravel exposed (Glaser, 1976).
The spit begins aboﬁt 500 feet upﬁtream from the zone
of acﬁive bluff erosion, and is connected to the bluff by a
sandy t«rrace of approximately 3 feet elevation which
broadens from the base of the bluff to a width of about 30
feet upstream at tﬁe pdint of spit attachment. This sandy
terrace is also-experiencing'retreat due to frontal .erosion

. 4-6
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along the South River shoreline. The entire portion of the

South River shoreline near the spit is littered with fallen

trees.

The mean tide range in the area is appfoximately 1.0

. foot, and there were no shoreline structures present along

the reach during the period of study.

The spit itself is abbut 400 feet in length, and the .
distal end exhibits a strong recurve. Earlier episodes of
sand transport and deposition along the spit have led to the
formation of a lagoon on-the back side of the.spit, and
subsequent marsh growth has sebarated this lagoon from
Harness Creek. Downstream from the study site on the spit,
there is a frontal écarp which is evidence of active
erosion. At.the.top of tﬁis scarp, the ground surface
slopes touards‘the land instead of the water (Figure 4.5);-
this suggests that erosion and shoreline recession in this
portion of the shoreline have already devoured the "spine"
of the spit, which was the érest of the earlier natural
beach or berm line formed when the spit was growing. Older
marsh sediments are exposed on this scarp near the point of .

spit attachment to the adjacent bluff, and a shell bed up to

&

next pages: Piqure 4.3 (left) Location map showing

Site A.

Figure 4.4 (ipper right) Aerial view of
Site A.

Figure 4.5 (lower right) Typical profile of
Site A_in October 1978, :
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1.5 feet thick is also exposed in the gcarp. The shells
have been eroded énd carried all along the beach to form a
pavement over the lower foreshore and the immediate
nea:shore-(Figure 4;6a). The eroding shell bed is composed

solely of the shells of the oyster Cragsostrea virginica,

Aand;it'apparently represents a shell dump left by earlier
inhabitants of the area.

The spit is densely vegetated with shrubs, grasses, and
small cedar trees. Sand deposits on the shoreline profiles
are very narrow with as little as six feet between the
shoreface and the fringe of the vegetétion. The profile
locations are midway along the length of the spit, with the
center profile situated 200 feet from the point of spit .
attachment.

The profile layout consists of three transects spaced
30 feet apart. Typical profiles (October 1978) are shown in
Figure 4.5. 1In April 1979, the sediments were sampled from
the beach in the'ﬁpper 1-2 inches of the shoreline profiles
and’the textural characteristics of the sediments are shown
in Table 4.2. The offshore zone is represented by samples
taken 69 feet from the profile origins, and Table 4.2 shows
sediments in this portion df the profile are sandy muds. In
contrast, the beach materials represented by the foreshore

samples Nos. 3, 7, and 11 are sand containing up to 20%

Next pages: Fiqure 4.6a-c Photographic view of the three
profile locations at Site A in October 1978,
May 1979, October 1979. _
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SITE "A" OCT.1978
Figure 4.6a
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SITE "A" MAY 1979
Figure 46 b
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gravel—size material. The boundary zone between the
predoninance of sand and mud in the nearshore occurs between |

30 and 50 feet on the profiles. The fastland samples taken

.from the erosion scarp show a composition of sand with minor

amounts of gravel; but, this scarp is not considered to be
the principal-source of the gravels in the beach sediments
at the study site. The enrichment of gravels in the beach is
probably due principally to the erosion of the downstream
bluff, and movement of these materials along the shoreline
onto the spit. |

The shoreface of the spit receivés boat-wake energy.
from boats entering and exiting Harness Creek, and from
boats travelling up and down the South River. Since the
width of Harness Creek is only about 500 feet in the
vicinity of the profile stations, boats entering or leaving
the creek pass relatively cloée,to the shore where the study
site is located. On the other hand, boats travelling on the
South River commonly pass at distances greater than 1,000
feet'from the study site. The boating characﬁeristics at
this site are discussed in Chapter VI.

The spit also receives wind waves which approach with‘
the longest fetches from the east, south,‘and ndrthwest. »The
wind-wave climate at this site is discussed in Appendix B,
and the wind waves and boat wakes are compared in Chapter VII
for their relative importaﬁce in causing any changes in the

shoreline profiles.

opposite: Table 4.2 Sediment characteristics at Site A.
The locations of the samples listed in the
table are shown on the profiles in Figure 4.5.
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The fastland boundary at Site A was defined as the edge

of vegetation. This boundary coincides with a pronounced

break in slope formed by the upper foreshore‘of the beach.

On sOme« spring high tides during the year of observation,

the wave uprush would reach the limit of vegetation to form

a scarp. Photographic viéws of the three
shown in Figures 4.6 a,b,c for the months
‘&ay 1979, and October 1979, respectively,
all the.monthly photographé to illustrate

the beqinning'and end of the "non-boating

profiles which are
6f October 1978,
were selected from
the conditions at

season" (October

.1978 - May 1979), and at the end of-the "boating season”

(May 1979 October 1979). The complete monthly photographic

coverage is on file at the Coastal Resources Division of the

Maryland Department of Natural Resources.

.. Profile comparisons between successive months are shown

in. Figure 4.7. The envelope of total change is shown in

Figures 4.8a and b. The combined profile

overlay for the

period October 1978 - May 1979 (Figure 4.8a) clearly shows

the modulation of beach foreshore elevations from month to

month, and the virtual absence of any change in the B

nearshore bottom. The greatest total vertical change within

the envelope was at the-upper foreshore adijacent to the.

fastland boundary.

The combined profile overlay for the

period May-October

1979 (Figure 4.8b) shows that some modulation of foreshore

elevation occurs during the boating season. There was

also measurable retreat of about 0.5 feet

in the fastland

boundary on the left and right profiles during the boating

4-16
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season,_but this is due principally to a fastland retreat
solely in the profiles of 07/28/79 and 09/15/79. The
changes in the shoreline profiles during this time beriod-
can be reasbbably attributed to the influence of>the paSsage
of Tropical Stdrm'gggig on September 5-6, 1979 During the
passage of David, a storm surge of about 2.5 feet was
generated in the vicinity of the study area along with
strong windé‘frbm the southeast. Under these condifions, the

entire sbit was awash and subijected to wave and_current
energy: |

Ib is important to note that during the hoating season
(the profiie peribd 05/25/79 to 07/28/79), no-retrea; of the
fastland occurred at any of the three profile stations, . ib;'i
fact, very little difference in foreshore elevation is
evidenced in the profiles for those months., In order to
emphasize the changes inrthe zone'of the fastlandiboundary,
segments of theé monthly profiles which wefe collected |
through time are shown "stecked" in Figure 4.7;‘ The
vertical reference lines represent the position of the
fastland'boundary (edge of vegetation) in October, 1978,
Aéain, note the absence of scarp_retreat between tbe May &nd

July surveys.

Next pages: Fiqure 4.7 (left) Profile comparlsons between
. successive months at Site A,

Fiqure 4.8a (upper right) Profile OQerlay for
Site A from October 1978 to May 1979.

Figure 4.8b (lower rignt) Profile overlay
for Site A from May 1979 to October 1979.
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‘The evidence from the monthly surveys and photographs
indlcates there was very little change in the posxtlon of
the fastland boundary during the year of observatlons.v.The
scarp between.the edge‘of ‘the active veqetatlon and the
beach'foreshore'varied in elevation‘and steepness through
the course of the year along with afvariation in the volume
of foreshore sand at the shorelihe site. This modulatioh in
beach sand occurred in response to vary1nq wave cond1tlons
and .water levels, The proflles collected durlng the
""boating season" on 05/25/79, 06/2_3/79, and _07/28/29 are
virtually identical. Thus, ooat wake activity aid not cause
measurable monthly changes at Slte A durlnq that perlod.

The fastland retreat whlch was observed in the survey of
09/15/79 at two of the profiles is attributed to the wave

and water level conditions durlng Trop1ca1 Storm David.
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Site B. A steep bank on the upper South River
near Goose Island.

This sfﬁe is located neaf the subdivision knowﬁ as Glen
Isle (Figures 4.9, 4,10, 4.11). The beach/segment‘cﬁoS§n
for.monitoring is located in a bluff sectibn on tﬁe sohth'
shore of the upper South River, about 700 feet downstreém;
from the mouth of Flat Creek. The sediments on the beach at

the study site are derived principally from the bluff, but

" the finer-grained sediments in the nearshore may be derived

principally from the sediment discharge of‘?lat Cfeek. The

bluff has a maximhm'height of about 30 feet, and a frontal

slope of about 45 degrees. It is composed of semi—’
consolidated clayey‘sahds of the Aquia Formation (Eocene

Age) that contain impermeable lenses of sedimentjcemehted

_ into a sandstone-type material. As the bluff has_éroded,

‘these limonitic depoéits have fallen onto the beach at the

base on the bluff and form a rubble pavement oﬁfthe'r

shoreline profile. | » | 7 | ;‘ .
The bluff extends for about 500 feet along thé upper

South River shoreline, from the mouth bvalat Cféek to é_

marsh which has formed at the mouth of a ravine. There

Next pages: Fiqure 4.9 (left) Locatlon map show1nq
Site B.

Figure 4.10 (upper right) Aerial view of ©
Site B.

Figure 4.11 (lower right) Typical prof11e of
Site B in November 1978,
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are mature trees and shrubs located on the top of the bluff,
and the upper portiéns of the bluff face are cbvered with a
slumped and hanging ﬁass of soil and roots,

A The mean tide range at the site is about 1.0 foot, and
there were no shoreline structures.present along the reach
dﬁring the period of study.

v 'Sand deposits‘on shoreline profiies at this site are
narro&; with as little.as 10 feet between the shoreface and
thevtoe'of the bluff. The profile locatioﬁs for the study.
are located at the downstream end of the bluff, where the‘
land surface slopes into the ravine, and just before the
beach joins with the marsh. The profile layout consists of
three transects spaced 30 feet apart. Typical profiles
(November 1978) are shown in Fiqure'4.ll. In April 1979,
the sediments were sambled from the beach in the upper i—2
inches of the shoreline profiles, and the textural
charécteriStics of the sediments are shown in Table 4.3. The
of fshore zone is composed of soft, fine-grained muds which
blend into a relatively firm sandy bottom about 30 feet from
ﬁhe shoreline. These sands on'the beach‘and'iﬁvthe-
nearshore possess a éignificant gravel content whiéh
represents -the lag deposit left oh the shorgline prqfile as‘
the bluff recedes. Sediment samples from the bluff are

composed predominantly of sand, but with a significant

Opposite: Table 4.3 Sediment characteristics at Site B. .
E The locations of the samples listed in the _
Table are shown on the profiles in Figure 4.11.
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fine-grained component. As the bluff sediments erode, the
finer-grained sedimehts are widnowed from theftalué deposits
at the base of the bluff by wave action and transported into
deeper .water.

The shoreface of the bluff receives boat-wake epergy
mostly from boats travelling the South River at distances
of more ﬁhan 1,000 feet. Some localized boat acfivity is
generated from a smaller number of hoats which circle Goose
Island and‘pass within 100-200 feet of the study site.

The boating characteristics at the 3ite are discussed in:
Chapter VI. .

The bluff site also receives wind waves which approach
with the loﬁqest fétches from the north-northwest. Regional
winds from this direction can generate appreciable w5ve
‘energy which would focus on the sit2; but, these winds also
tend to drive water out of the rivers on the western shore -
so that the eroéive power of the waves tends to be éxpended
at low levels on the beach andiin the nearshore, réther than
on the toe of the bluff. The wind-wave climate at this site
is discussed in Appendix B, and the wind waves andﬁboat““
wakes are compared in Chapter VII for their relative.
importance in causinqiany,changés in the shoreline,profiles.

" The fastland boundary at Site B was defined és eitﬁer
the‘in—place semi-consolidated sediments forminé the biuff,
.or the material which slﬁmped from the bluff face. The

reason forfconsiderinq the slumped material as ffastlahd"

is that were it not for the removal of this material by wave
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action, the bluff élope would ultimately be reduced and
become stabilized with vegetation.

The initial condition of the profile sites is shown in
the photographs of October, 1978 (Figure 4.,12a). The Right
profile is at a position where the bluff elevation is low and
the semi-consolidated sediments were covered with a soil
horizon. At the Centér profile, the-fastland is slumped
material with limonitic fragments at the base, along with a
ﬁotch about'0.75 feet deep cut into the sediment. The Left
profile is a near-vertical cut of the native bluff sediments
with a toe of limonitic fragments.

Figures 4.12b, b, and d show the condition at the .
profiles in May, August, and October, 1979 respectively.

Profile comparisons between successive months are shown in

- Figure 4.13. The envelope of total change is shown in

Figures 4.l1l4a and b for the periods October 1978 - May 1979
respectively. The combined préfile overlay shows there was
ne change in the fastland throughout the entire year at the
Right profile, simply a modulation of the sand elevation in
the beach at the toe of the bluff. During the period
October 1978 - May 1979, the Left and Center profiles show
an episode of slumping and reduction of the slump by wave
action. During the period-May-October, 1979, there was some

further modification of the slumped material at the Center

Next pages: Figure 44;3 a?d. Photographic views of the
three profile locations at Site B in October
1978, May 1979, August 1979, October 1979.
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Figure 4.12c
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and Left profiles, and again no change in fastland at the
Right profile. _

A different view of the fastland boundary changes is
provided in Fiqure 4.13. This figqure shows that no change
in the Right profile occurred throughout the entire year,
while the Center profile showed no change in fastland
until sometime between the February and March 1979 surveys, .
when a massive slump occurred. The slumped material
underwent some reduction by wave action until April-May
l9f9( and then only very minor modification until the
passage of Tropical Storm David in September 1979. The Left
profile shows minor slumping between October-December 1978,
and a massive slump between December 1978 and early February
1979, The slumped material was again reduced by wave
action in February,.Mérch, and April. However between the
late Mayrand late August surveys in 1979, there was little
modification. Tropical Storm David in September was
accompanied by a substantial reduction‘of the slumped
material, anleigure 4.12d shows the native bluff material
was again exposed after David.

All the evidence indicates there was little
modification of the fastland at this site during the boating
season. However, there was siqgnificant modification of two
of the three profile locations with the passage of Tropicai
Storm David. Figure 4.13 shows the approximate level of. the
storm tidal surge during the David episode. This site was
apparently not exposed to much high wave action since the
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wind was predominantly from the southeast and south. Even

- so0, the shoreline profiles collected after David show the

slumped material at the Center and Left profiles was

reduced. The Right profile showed no change.

In'summafy, it should be noted that very minor changes
occurred during the boating season of 1979. Comparison of
the month-to-month surveys shows fhis was the period of
leést response in the shorelire profiles. to wave activity‘

during the year of observatiors.

Next pages:  Figure 4.13 (left) Profile comparisons -
between successive months at Site B. .

Fiqure 4.14a (upper right)'Profile'overléy
for Site B from October 1978 to May 1979.

Figure 4.14b (lower right) Profileiéverlay.
for Site B from May 1979 to October 1979.
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Site C. A broad, marshy promontory on
Broad Creek off the upper
South River.

This site is located approximately 1200 feet north'of
the mouth of Broad Creek (Figure 4.15, 4.16, 4.17). The
shoreline segment chosen for mbnitoring is located on a .
promontory at the junction of a north-south shoreline reach
and another trending east-west. The-pfomontory ié composed
of a léw, marsh—-capped, alluvial platform which is
surrounded by hills attaining elevations of ﬁp to 60 feet
within 500 feet of the study site. This adjacent topography
is sculptured from sandy debosits‘of the Agquia Formation
(Eocene Age).

The sedlments at the study 31te were der1ved partially
from the erosion of these adjacent landforms. Various
exhumed debris from along the shoreliné near the study site
indicates that the site may alSo be partially composed of
artificial fill. Upétream of the promontory for a distance
of about 100 feet along the shoreline are the remains of a
concrete wall which are columnar in séction, and about
one-foot—-square. These reméihs no longerbprovidéAan
effective barrier to shoreline erosion as they lay on the
bottom of Broad Creek several feet from the fastland at the.
study site.

In the aréa where the profiles'were locaﬁed, the
promontory forms a portion of the Broad Creek shoreline
about 130 feet in length. The fastland at the-study site is
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relatively flat, with an overwash'"leveef present on the
marsh surface (Fidure 4.17). The marsh itself is flooded at

higher tidal stages, and is composed of Spartina patens,

Scirpus, and Distichlis grass species.

The mean.tide range in the area is about 1.0 foot, and
there were no shoreline structures present along the reach
during the period of study.

‘Sand deposits on the shoreline profiles are narrow with
as little as 10 feet between the shoreface and edge of the
mersn. The profile locations are situated on the promontory
along the east side of Broad Creek facing the west., The
profile layout consists of three transects spaced 30 feet
.apart. Typical profiles (October, 1978) are shown in Figure
4.17. 1In April 1979, sediments were sampled from the beach"
in the upper 1-2 inches of the shoreline profiles, and the
textural characteristics of tne sediments are shown in'Table-
4.4, The'sediments in the foreshore, nearshore, andb
of fshore (up to 69 feet from the profile origins) are all
predominantly sand size with smell contributions of
organics. The compositiOn of the terrace sediments is shown
in a boring sample'Ml. The upper 2-3 inches of the boring

are an organic soil with an abrupt transition below to a

sandy gravel.

Next pages: Figure 4.15 (left) Location map showing
Site C.

Figure 4. 16 (upper rlght) Aerlal view of
Site C.

FPigure 4,17 (lower rlght) Typical profile of
Site C in October 1978.
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Figure 4.15
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The shoreface of the promontory receives boat-wake
energy from boats travelling up and down Broad Creek. The

gite is'downstream from a posted speed-control zone, and

‘both high~ and low-speed boat passeé.are encountered. Due

to the relatively narrow width of the creek in the area, the

study site is positioned particularly close to boats
generating wake. The boating characteristics at this site.
are discussed in Chaéter>VI.

The site also receives wind waves whidh épproach with
the longest fetches from the noith. But waves generated by
these northern winds have-to undergo considerable refraction
to approach the study site from diréctly offshore,_so_the
wind-wave energy at this site is considered to be small
relative to sites Qith similar fetches on the South River.
The wind-wave climate at this site is discussed in Appendix
B and the wind wavesAandAboat Wakeé are compared in Chapter
VII for their relative importance in causing any changes in
the shorellne profiles.

The initial condition of the profile sites is shown .in
the photographs of October, 1978 (Figure 4.18a). The fast-
land boundary was defined as the edge of the marsh vegeta-
tion capping the sand and gravel terrace. At all three
profile locatiqns, collapsed patches of the cap marsh were

growing on the intertidal foreshore of the narrow beach.

Oﬁggsite:, Table 4.4 Sediment characteristics at Site C.
The locations of the samples listed in the Table
are shown on the prof1les in Figure 4.17.

Next pages: Figure 4,18 a-d Photographic view of the three
profile locations at Site C in October 1978 May
1979, August 1979,_ and October 1979.
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SITE "C" OCT. 1978 .

Figure 4.18a

4-42

S——




CENTER
SITE "C" MAY 1979

Figure 418D
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SITE "C" AUG. 1979

Figure 4.18c
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The overlays of monthly profiles for the periods
October 1978-May 1979 and May ~ October 1979 are shown in
Figures 4.20a and b. Both the Left and Center profiles
reflect the existence of the slight positive relief on the
terrace due to an overwash deposit formed by wave action
- awashing foreshore sand onto the marsh surface du;ing times
of high water. In addition, the different geometry of the
profileé near the fastland should be noted. .Coﬁparisqn of
Figs. 4.20a and b shows a rather dramatic difference in the
fastland response between the boating and non-boating |
seasbns. During the boating season a pronounced retreating
scarp formed at the Left profile. At the Center profile the
preexisting scarp continued to retreat. The Right profile
exhibited no fastland retreat'throughout the year. The
details of the observed fastland boundary retreat are shown
in Pigure 4.19. The Left profile, within 15 feet of the
downstream end of the marsh terrace, had a slightvscarp at
the edge of vegetation which was stable_in position until
after the February 1979 survey.  Between February and May
1979, the edge of vegetation retreated 3.7 feet but with
only:slight scarp formation. By the time of the June
survey, a pronounced scarp had formed. By the time of the
survey of 18 August 1979, the fastland scarp retreated an
additional 2.6 feet. Finally, between 18 August and 20
October 1979, én additional 0.5 feet of retreat oécurred.
This loss includes the effects of Tropical Storm David. In
total, about 6;8.feet of fastland retréat-occurred during

the one year period..
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The Center profile had a pronounced scarp atvthe fast-
land boundary throughout the period. The scarp position was
stable until after the March 1979 shrvey. and between that
time and the survey of 26 May 1979 the‘scarp retreated 1.6
fegt., Between the May survey and-that of 18 August, the
scafp retreated an additional 2.6 feet, most of which occur-
red between the May and June surveys. Between the June and
July surveys, fallen bulkhead sheeting was exposed in the
foreshore. Finally, between August and October 20, 1979, an
additional 1.0 foot of retreat was measured. The total
fastiand retreat was 5.2 feet during the course of the year., -

In summary, the pattern of fasﬁland érosiqn at Site C
appearé to be that of a smoothing brocess»which is tending
to round the exposed corner of the mafsh terrace,(see'?ig.
4.16). An.important factor in this process may be the
physical setting of the site. It is iﬁpoftant to note ﬁhat
there is very 1ittie sand supplied to the site from the more
erosion-resistant upstream banks. Were there sand available
from this upstream source it would tend to maintain a qsach
in front of the marsh. Instead;'the,local:intgrtidai beach
is composed of materials eroded from the terrace, which is

itself composed of a highly erodible, loose sand and gravel.

H N f

Next pages:> Figure 4.19 (left) Profile éomparisons

: , between successive months at Site C.

. Fiqure 4.20a (upper right) Profile
overlay for Site C from October 1978 to

L . May 1979, : ,

Figure 4.20b (lower right) Profile overlay
for Site C from May 1979 to October 1979.

4-47



— | — I L] —— —— c——— [y— ——

61"y 2nb1y

D 319 .8NI0130 TILICUJ WO 1¥8d NI SORVISI

- 00°06  00°0z  00°0! 5070  00°02  00°0! 30°Q€

00° 02

ioyues | .o YOI

-
6 -

G0°S
(Ld) TTIVOS TVOIIBIA .

“ o6

00- 01

4-48



4l e

&,

10r28778-C3723+ 7%

~
-

SITE

SITE € 05/26/79-10/20/79

-

'MONTHLY PROFILE OVERLAY
4 OCTOBER 1978 ~ MAY 1978
S8ITE C

Fallen Bulkhead
Sheeting CENTER I

| _-._Figufe 4.20a

MONTHLY PROFILE OVERLAY
MAY 1979- OCTOBER 1979
SITE €

——
ere.
Fallen Bulkhead
——
Shaeting CENTER

- Figure 4.20b
4-49



Since materials including bricks and old bulkhead sheeting
were exhumed from this site during the course of the year of
study, it appears that at least part of the site is

constructed of fill material.

. Site D. A bluff on the lower Severn River
at Severnside. -

This site is located on the nofth shore of the Severn
River approximately 4,000 feet southeast of the Route 50-301
Severn River Bridge (Figures 4.21,44.22 and 4.23), at the
region‘called'Séberpside.‘ The shoreline reach in which the
site is situated is aBOut 4;500 feet in length extending
from Brice Point in the sOutheast to a terminal spit in the
northwest. With the éxception of the vicinityiof Brice
Point and airavine drainage, - the ehtire reaéh is composed'of
bluﬁfs as high as 80 feet infelevation. The bluffs are
coméoséd of semiconsolidated clayey sand (Aquia Formation)
whiéh:in plaées stands at the near vertical.:

Trees and shrubs are present on the top'of the bluff,
énd_vines“and shrubs cover some potions of the bluff face.
'Some fallen trees and driftwood litter the shoreline near
the study site, and the only shore protection structure in
the .immediate vicinity is a short 20-foot, cemeni-plock-
rubble groin about 230 feet southeast of the profiles. This
short groin has no influence'on the shore behavior at the

profile area.
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The mean tide range in the area is about 0.9 feet.

The profile monitor sites are at a bluff section about
50 feet in elevation, which intersects the shoreline about
150-feet northwest of the ravine cut. At the base of the
ravine itself there is a low, wavé-sculptured terrace. The
profile layout_cohsists of three transects spaced 30 feet
apart. Typic;l profiles (October 1978) are shown in Figure

4.23 which also indicates the sites where sediment samples

were acquired in April, 1979. Sediments were sampled from

the beach in the upper 1-2 inches of the shoreline profiles
and textural characteristics of the sediments are shown in
Table 4.5.  All the sediments at the study site are
predominantly sand size,‘but the blﬁffband talué slopes
contain a significant fraction of silt and clay. These

fine-grained materials get winnowed out in the sorting

- process under wave action and are deposited in deeper waters

offshore. As in the case of the bluff at Site B (on. the
upper.  South River near Goose Island),’fragmeqts of limonitic
sandstone-type material litter the toe of the bluff on the
shoreline profile. These fragments represent the lag
material from successive slumps of ;he blpff face which
remain after the sand and mud are redistributed by wave

action.

Next pages: Figure 4.21 (left) Location Map showing Site D.

Figure 4.22 (upper right) Aerial view of
Site D.

Figure 4.23 (lower right) Typlcal proflle of
.S1te D 1n October 1978.
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The beach at the study site receives boat-wake
energdy from boats travelling up and down the Severn River.
Most of the boat traffic passes at distances greater than
1000 feet from the shoreline, but some localized boat
traffid_does pass closer to the shore and generates wakes
which attackrthe shoreline profile. The boating character-
istics at this site are discussed in Chapter VI.

This portion of the Severn River shoreline also
receives wind waves ﬁhich approach with the longest fetches
from the northwest, south; and southeast. The wind-wave
climate at this siﬁe is discussed in Appendix B and the wind
waves and boat wakes are compared in Chapter VII for their
relative importance in causing any changes in the shoreline
profiles. |

As in the case of the other bluff site (Site B), the

- fastland boundary was defined as either the consolidated

sediments of the bluff or the loose material slumped from
the bluff. The sequence of photoéraphs shown in Figure 4,24
indicates that until some time after the July survey
(07/29/79) the modifications of the fastland were, in fact,
due to removal of slumped material. . However the passage of

Tropical Storm David in early'September resulted in complete

" removal of the slumped material as well as erosion of the

Opposite: Table 4.5 Sediment characteristics at Site D.
: The locations of the samples listed in. the Table
are shown on the profiles in Figure 4.23,

Next pages: Figures 4.24 a-d Photographic view of the
three profile locations at Site D in October
1978, May 1979, July 1979, and October 1979,
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consolidated bluff sediments. Thus in Figure‘4.24d (October
1979) we see an exposed bluff (Left & Center) with a scarped
terrace of sand in the backshore rather than slumped
material.

The comparative envelopes of change befween the periods
of October 1978-May 1979, and May-October 1979, are shown in
Figures 4.26 a and b, respectively. Note in parficular that
the surveys in June, July, and August cluster very close to
;he post—Tropiéal Storm David profiles of September and
-October 1979, The profile comparisons between successive
months offer additional illustration that there was little
profile modification during the peak boating season of June,
July and August. |

The details of the fastland modifications are shown in
'Fiéqre 4.25 where sequential profile segments are displayed.

At least two episodes of slumping occurred at the Left
"profile between the surveys of November 1978 and that of May
1979. Intervening surveys show reduction of the slumped
material. Between the May énd June surveys some additional
reduction of slumped material (talus) occurred, but during
~ the period of June through August the profiles were
virtually identical. While the close similarity in monthly
profile positions on this dynamic shoreline does not
necegsarily mean there has-been no significant change in the
time between profiles, there is little likelihood that the
slump surface angles would be similar if there had, in fact,
been'significanf changes,betweén profile dates. Thus, these
profiles are-interpreted as showing no éignificant changes.
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The storm surée associated with the passage to

'Tropical Storm David was about 2:5 feet, as determined from

strand lines at the sites. This eleﬁation-at Site D, along
ﬁith large wave heights (estimated up to 2-3 ft. by.local
obgervers) was éufficient to cause direct attack on the
bluff as well as to reduce ﬁhe volume of earlier slumped
material. The comparaﬁive profiles of August and September
1979 (Figure 4.25) show a displacement of the fastland of
2.5 feet, part of which ié biuff-face retreat. These
profiles also show that the sand beach following David was
considerably higher in elevation, and both the photographio
evidence and the post-David survey of_September:Shoﬁ a
scarped beach backshore. Thus betweén the ﬁirst and third
week of September 1979, Tropical Storm David eroded the

bluff which resulted in a pronounced thickening of  the beach

~sands, and this, in turn, was followed by a‘teduotion‘in

beach elevation as evidenced by the backshore sand. scarp
shown in Pigures 4.244 and 4.24b} |

The profile histories at the Center and Right profiles
exhibit essentially the same patterns of behavior as

previously discussed at the left profile: slumps reduced by

Next pages: Fiqure 4,25 (left)'Profilé comparisons between
S successive months at Site D,

Figure 4.26a (upper right) Profile overlay for
Site D from October 1978 to May 1979. :

Figqure 4.26b (lower right)'Pfofile overlay.
for Site D from May 1979 to October 1979.

o
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wave action during the late fall, winter, and early spring;
relative quiescence dﬁring the peak'boating season ofAJune,
July, and August. The occurrence of Tropical Storm David
with a large storm surge and large waves féom the southeast
dominated the profile response. |

In summary, the observations over the one-year period

demonstrated the role of wind waves in the reduction of the

material eroded from face of the bluffs. But the most
important effect was a singlé étdrm event, with a large
storm surge and waves that dominated the fastland and shore
zone response over an annual cycle, F;ﬁally, it should be
noted that the profile modificatioﬁs_during the boéting »
season, aside from the storm response,'were very small

- relative to the changes during the non-boating season.
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Site E. A pocket marsh near the entrance
of Maynedier Creek. off of the
upper Severn River.

This site, located near the mouth of Maynedier Creek
(Figs. 4.27, 4,28, 4.29) is a ravine-moutﬁ<marsh,
approximately 175 ft. in width across the frontal margin.

The marsh is predominantly clump growths of Spartina

cynosuroides and Scirpus sp. which are tightly bound-by root

mass and soil, and virtually "float" on a substrate of very
soft organic "mush". While a "shaky” "firm" footing may be
found oﬁ the clumés, a Misstep leaves the observer knee-high
"in the mush®™. The shoreline oﬁ the fianks of the marsh
intersects a thin veneer of sand overlying a plastic tan
clay which also forms the steep banks with an elevation of
about 4 feet. The nearshore (and offshore) fronting the
marsh itself is a very soft substrate varying between
sandy~silt,td_si1ty—clay The organic confent of samples .
collected along the Shoreline profilés is high (Table 4.6).
The mean tide range is abodtvo.a feet. There are no
shoreline protection structures infiuencing the_area.

The marsh receives>boat—ﬁake wave energy from boats

Next pages: Figﬁre 4.27 (left) Location map showing Site E.

Fiqure 4. 28 (upper right) Aerial view of
Site E.

Figure 4 29 (lower right) Typical proflle of
Site E in October 1978. ‘
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entering and leaving Maynedier Creek. There is a posted

speed-control zone in the creek on weekends. Boats
travelling near the study éite commonly pass within a few
hundred feet from the shoreline. The boating character-
istics at this site are discussed in more detail in
Chapter VI,

The entrance to Maynedier Creek is relatively protected
from heavy wave action by Mathiers Point and tﬁe shallow
bathymetry of Round Bay to the east. The limited fetch
within Maynedier Creek (maximum about 2,000.ft7 to the
south) precludes any significant winﬁ-wave generation within
the area.

- The wind-wave climaterat this site is discussed in
Appendix B, and the wind waves and boat wakes:are compared
ih Chapter VII for their relative importance in causing any
changes . in the shoreline profiles.

Three profile stations, 30 feet_apart,-are.established
on the frontal face of the marsh. Typical profiles (October
1978) are shown in Figure 4.29. Repetitive profiling and
visual observation between October 1978-February 1979

indicated little or no change in the marsh behind the shore.

After February, auxillary profile étakes were emplaced to

QdeSite: Table 4.6 Sedimént characteristics at Site E.
. The location of the samples listed in the Table
are shown on the profiles in Figure 4.29.

Next pages: Figures 4.30 a-d Photographic view of the
three profile locations at Site E in October
1978, May 1979, August 1979, and October 1979.
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minimizé observer disturbance to the marsh system. The edge
of the marsh vegetation was considered to be the fastland
boundary. The series of photographic observations and the
profiie surveys shown below indicate there was no fastland
retreat during the one year observation period. The
photographic series (October 1978; May, August, October
197§) are shown in Figqgure 4.31 and the prqfile envelopes for
.0ctober 1978~to~-May 1979, and May-to-October 1979 are shown
in Figure 4.32. The difficulties of surveying in a marsh
composed. of isolated, irreqularly shaped clumps of
végetation are exemplified in the two sets of profile
overlays. The measurement of the exact positioh of the
fastland edge varied with the tightness of the measuring
tape, and the precision of the rodman staying "on line".
?he tape tightness necessarily varied with the height and
density Qf_vegetation while straying off line could result
in missing the edge of a marsh clump. This is best
illustrated in Fiqure 4.30c (Left) where it is to be noted
that the tape passes just to the side of a marsh segment.
Positioning the tapé slightly different would result in the
inclusion of the marsh segment in the prqfile. In the Left
profile sequencé of Figure 4.31 this was the case in the
surveys of February and October 1979, |

In summary, the monthly phdtography provides B

unambiguous decumentation that there was no measurable.
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retreat of the marsh edge on the Left profile. The profile

_ sequence in Figuré 4.31 for the Center and Right profiles

demonstrate that théte was no change at these two profiles

either.

Next padges:

Figure 4.31 (left) Profile comparisons between

successive months at Site E.

Figure 4.32a (upper right) Profile overlay for

Site E from October 1978 to May 1979.

Figure 4-32b (lower right) Profile overlay for

Site E from May 1979 to October 1979.
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BEHAVIOR OF SHORELINE PROFILES
AT ADDITIONAL SITES

Michael Perry, Deborah Blades,
Rhonda Waller, and Tristina Deitz

Introduction

. In addition to those sites described in the last

chapter, additional sets of monthly profiles were

‘collected by DNR student interns from the Environmental

Studies Program‘ét Anne Arundel Community College. Some

of these supplemental sités:were adjacent to ;he
consultants' profiling locétiOns and representéd
different shoreline types,1(i.e. a marsh next to a bluff,
or a bank next to%a marsh). The shbplemental sites also
included two additional locatibns’which were initially

selected as "back-up" sites to the consultants'

locations, and were to be used in the event that boating

patterns at one of the principal sites turned out not to
be as anticipated.
The results presented in-this chapter show Tropical

\

Storm David produced the greatest changes in shoreline

profiles. Some other sediment movement was measured .

during the year of study, but no important changes at any

of the sites took place during the boating season.

Methods

‘At each of the sites, three profiling locations were
sélected with a separation distance of 30 feet. Each

5-1
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profile was established by inserting two reference pipes or
stakes several feet apart on a line perpendicular to the
beach or shoreline. The position of the six reference pipes
was then surveyed from a flxed bronze survey marker set in
concrete with a transit and rod.

When the shoféline profiles were surveyed eacﬁ month,

the ground elevations along each profile were referenced to

that of the benchmark using a precision level and rod. The

rear reference pipe was considered to be the origin for each

'profile.' The ground elevations were surveyed at 3-foot

intefvals, and at all additional intermediate points where a
slope change occurred. At the three sites with banks or
bluffs (Sites AA, CC, EE), the profiles were‘extended_up,the
bluff face from the rear stakes, and elevations were

surveyed at intervals up to the instrument height.

Site AA: A pocket marsh and adjacent bluff in
Harness Creek off the lower South River.

This site is located in an area known as Hillsmere

Shores (Figure 5.1.) The heach segment chosen for

Next pages: 'Figure 5.1 (left) Location Map showing Site AA.

Figure 5.2 (upper right) Aerial view of
Site AA. :

Figure 5.3 (lower right) Typical profile of
Site AA in October 1978.



Figure 5.1
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monitoring is on the southern shore of Harness Creek in an
area where a bluff meets with a pocket marsh formed at the
mouth of a ravine. Site AA is in the vidinity of the
consultants' profile site Site A, which was discussed in the
previous chapter.

The profile layout for site AA consisted of 3 transects
spaced 30 feet apart, The right and center profiles are
located on the marsh, which extends appro*imately 300 feét
across its frontal margin and about 200 feet inland. The
left profile is located at the base of the adjacent bluff
which is approximately 10 feet high,

The vegetation at ﬁhe right and center profiles
consists of marsh grasses growing in thick compact clumps.
The marsh grass ends at the shoreline in a sharp boundary..
The bluff faée on the left profile is iargely_exposed-
ieroding sediments. At the top of the bluff are mature
trees, shrubs, and vines which extend up to the bluff féce.
The bluff is neafly vertical in the upper portions and
covered with exposed root masses. A number of trees have
fallen over the bluff edge onto the beach; the entiré
shoreline surrounding the study site is littered with fallen

trees and driftwood.

Opposite: Table 5.1 Sediment characteristics at the
additional study sites. The locations of the
samples listed in the Table are shown on the
profiles in Figures 5.3, 5.7, 5.11, 5.15, and
5.19. _ :
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Sediment samples were collecged'from the beach and
nearshore in the upper 1-2 inches of the shoreline profiles
(Table 5.1). The sediments in thé neérshore at site AA are
principally derived from the erosion of the bluff. Table
5.1 shows the bluff sediments contain about 30% silt and
clay. The nearshore sample contains a similar portion of
fine-grained material. The samples collected in front of
the marsh and nearshore contained slightly less silt and
clay than the offshore samples.

The mean tide range in the area is approximately 1.0

foot, and there were no shoreline structures present along

the reach during the period of study.

The shoreline at site AA receives boat-waké energy
mainly from boats entering and exiting Harhes; Creek. Much
of the boat traffic near the study site stays within the
main channel which is approximately 500-1000 feet from the
profile locations,

The shoreline of site AA also receives wind—wave energy
mainly from the northwest. Normal winds from any other
direction produce small waves at the site.

The fastland boundary for the bluff at the left profile
stéke was defined as either the inplace semi-consolidated
sediments forming the bluff or the material which slumped
from the bluff face. The reason for considering the slumped

material as fastland is that were it not for the removal of

Opposite: Figure 5.4 Comparison of monthly profiles

collected at Site AA.
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this material by wave action, the bluff slope would

ultimately reduce and become stabilized with vegetation.

The fastland boundaries for the center and right stakes were

defined as the edge of vegetation. These boundaries are
composed of the compact root masses of the marsh grass.
Profiles at site AA were collected wmonthly, and a
comparison between successive months is illustrated in
Figure 5.4. This comparison of successive profiles shows

that the bluff located at the left stake experienced

modulation of sediments and fastland retreat. The right and

center stakes located in front  of the marsh showed no
important changes during the yéar of study, in either the
boating or non-boating seasons.

There are noticeable changes in the amountsvof material
which have accumulated at the base of the bluff on profiles
in January,\Abril,and September of 1979 (Figure . 5.4 ). This
material is usually reduced by the next profile date. These
modulations of sediments on the profiles are thought to be
due to slumping and subsequent wave action washing out the
slumped material. The boating season was considered to
start in May of 1979, and some of the slumped material from
the previous month's profile at the left stake is still
notiéeable at the baserf the bluff. This material
decreases slightly during the summer. In September of 1979,

the storm surge during Trooical Storm David focused wave

action directly on the bluff face at the left profile stake,

and. more material accumulated at the base of the bluff on




<

P

the shoreline profile taken after David. Séme reduction of
the talus deposit occurred between tﬁe September and October
profiling dates, but the profile at the left stake was
slightly built up again by the end of October. The near-
shore portion of the profiles at the left stake show a

glight accumulation of material until September 1979, when

David came through the area.

In sumﬁary, Tropical Storm David was accompanied by the
greatest.change in shorelihe profiles at this site. These
changes occurred in front of the bluff, where the slumped
material oﬁ the beach was eroded. Smaller changes in this
portion of the shoreline profile also were observed earlier

in the study period. The two adjacent profiles in the

adjoining marsh showed no change in either the boating on

non-boating seasons,

Site BB: A pocket marsh on the upper South
River near Goose Island

This site is located near the Glen Isle,subdivision
on the southern shore of the upper South River (Figure 5.5).
The shoreline segment chosen for monitoring is a small

pocket marsh 750 feet downstream from the mouth of Flat

Next pages: Figure 5.5 (left) Location map showing Site BB,

Figure 5.6 (upper right) Aerial view of
Site BB. ’

Figure 5.7 (lower right) Typical profile of
Site BB in October 1978. '
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Créek. Immediately ﬁpstream is the bluff which is the
location of thé consultants' Site B discussed in the
previous chapter.

The profile layout for site BB consisted of 3 transects
spaced 30 feet apart along the entire section of the marsh,
The vegetation at site BB consists of marsh grasses

Phragmites communis and Scirpus olneyi, which extend from

the water line landward to a zone of shrubs and small trees.
Further landward,‘the marsh meets a ravine and the adjacent
bluff whiéh are full of mature trees, shrubs, vines and
considerable uﬁaergrowtﬁ.

Sediment samples at site BB were collected from the
beach, marsh, and nearshore zones within ﬁhe upper 1-2
inches of the shoreline profiles. The sediments collected
near the profile origins were composéd of sand with a
relatively minor silt and clay content (Table 5.1). The
sample collected for analysisvalso contained well-sorted

gravel. ‘At the site, the relatively firm sand along the

- foreshore blends into finer-grained, less consolidated

sediment offshore (TableVS.l). These nearshore sediments
are considered to be derived partly from the erosion of the

adjacent bluff and partly from finer-grained sediment

carried into South River from Flat Creek.

The mean tidal range in. the area of site BB is
approximatley 1.0 foot, and there were no shoreline

structures present along the reach that were considered to

Opposite: Figure 5.8 Comparison of monthly profiles collected

at §1te BB.
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interfere with sediment transport at the siﬁe during the
year of study.

The shoreline of the marsh receives boat-wake energy
from boats travelling on the South River generally at
distances greater than 1000 feet. More localized boat
traffic»is generated from boéts which dircle Goose Islaﬁd,
and pass within 100-200 feé£ of the study site. A 1ar§e
percentage of these boats are towing waterskiers and tend to
make multiple passages of the shoreline in a relativeiy
short period of time. Boatinq'traffic.for'thé.sho;eline
reach where siﬁeé B and BB afe located is discussed further
in chapters VI and VII,

The marsh also‘receivés wihd waves which approach with
the longest fgéches from the north—norﬁhwest. Regional
winds from this direction can generate appreciable wave
energy which would focus on 3i£e BB, but these wiﬁds also
tend to drive water out of the rivers on the western shore
so the erosive power of the'waves is expended at lower
levels on the beach and in the nearshore, rather than on the
fastiand boundary of the marsh. ,

Monthly profiles collected at site BB are illustrated
in Figure 5.8, 'The fastland boundary for site BB was
defined as the edge of vegetation, and showed little or no
retreat for all 3 prdfile stakgs during tﬁe year of study.
Comparative profiles in Figure 5.8 do clearly show
- modulation of beach face sediments, but the fastland -
boundary fb: all 3 stakes remained relatively unchanged.
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One major instance of - visible fastland retreat at site BB
occurred after the passage of Tropical Storm David September
8-9, 1979. Figure 5.8 shows the beach profile at the center

stake experienced a slight fastland loss and a substantial

loss of nearshore sediments between the profile dates of

August 9, 1979 and September 13, 1979 after the passage of
David. These nearshore sediments were presumably lost
during the storm and were pgrtially replaced by erosion from
the adjacent bluff within one month. In summary, séme
modulation of nearshore sediments ogcurred at all three
stakes, but no notable fastland changes can be attributed to
boating. The only notable fastland change_at.this site can

be attributed to the passage of Tropical Storm David.

Site CC: A bluff in Broad Creek off
the upper South River.

This site is located appfoximately 120O feet north of
the'mouthvof Broad Creek (Fidure 5.9), :The shoreline segment
chosen for monitoring is located at the base of a bluff
which has a maximum elevation of 60 feet. The profiles at
this site are located approﬁimately 50 feet downstream from
the marshy promontory which is the location of the

consultants' Site C discussed the previous chapter.

Next pages: Figure 5.9 (1eft) Location map shdwing Site CC.

Figure 5.10 (upper riqht)'Aerial view of
Site CC.

Figure 5.11 (lower right) Typlcal proflle of
Site CC 1n October 1978.
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The profile layout for SifeACC consists of 3 transects:
spaced 30 feet apart. The right profile is situated at the
base of a bluff that meets the beach with an approximate 30
degree sloping face. The center profile is located 30 feet

further upstream along the bluff and gradually steepens to a

50 degree sloping face. The bluff continues to steepen

until it reaches a neérly ~ vertical section located at the
left profile site.

The bluff face does not cbntain many areas of exposed
sediments and its vegetation is composed of many trees,
shrubs, thick vines, and small undergrowth. The beach
grasses which grow at the base of the bluff alopg the .
éhoreline consist of Scirpus olneyi and clump growths of

Phragmites communis. In some areas of the shoreline between

the center and right profiles, the grasses are isolated

ciumps tightly bound at the roots. Sediments in the near-
shore contain submerged clumps of dead root_material. The
entire shoreline contains a 2—4,footvwide section of small
grass growth that beéins beyohd the visible swash line.

Sediment samples at Site CC were collected from the
bank, beach, and nearshore zones within the upper‘l—z inches
of the shorelineAprofileg (Table 5.1). The sediments
collected from the beach and nearshore zones are considered
to be prinéipélly derived from the erosion of materials

within the bluff. . This bluff contains predominantly sand

Opposite: Figure 5.12 Comparison of monthly profiles collected

at Site CC.
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and some well-sorted qravel between 20-50 mm. Sandy
sediments comprise the beach within 3-5 feet qf the base of
the bluff.- The strands of grass on the beach at the base of
the bluff must play an important role in trapping these |
sandy sedimeﬁté.. This nearshore zone also contains
well-sorted gravel which appears similar in character to the
gravel collected from the bluff.‘

The mean tidal range at this site is approximatély 1
foot, and there were no shoreline structures present aiong
the reach which interferred with sediment movement during
the period of study. There is a pier adjacent to the
profiles, but this pier is not'considerea,to havé an. effect
on shore erosion.

The shoreface of the bluff at thé study site receives
boat-wake energ? from boats entering and exiting Broad
Creek, aé well as from boats traveiling up and down the
South River. Boats entering and exiting Broad Creek pass at
distances betweeen 400-500 feeﬁ, as compared to distances
greater than 1500 feet on the South River. The inventory of
boating activity ccllected”atbnearby Site C shows. that 63%
of ‘the boat passages were waterskiers that were making
hultiple passes near that shoreline in a relatively‘short
period of time. This site also experienced considerably
more boating traffic on weekends as coméared to weekdays.

The shorefaée of-this‘site, being situaﬁed some 500
feet fromvthe main channeiAof the Creek, receives much lower
levels of boat-wake energy than the adjﬁcent promoﬁtory
~ marsh. The pier adjacent to Site CC extends 6ut‘l30 feet
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and discourages most boats from making passes anywhefe neavr
the shoreface of thé site. Even though the boating
frequencies in this portion of Broad Creek are considered to
be high, the boat;wake energy expended on the beach at site
CC is relatively small. |
| The shoreface of Site CC also receives wind Qaves with
the longest fetches between the south and southwest. Pofter
and Adison Points at the mouth of Broad Creek protect Site
CC from many of the regional winds, except those focused
directly into the creek. The wind roses illustrated in
Apbendix B show the bluff and marsh block any wind-waves
when regional winds blow from thé northern ﬁetch areas, and
the total wave energy expended on the beach at Site CC is |
negligible. Therefére the total windfwave energy created at
Site CC can be considered to be small.

The fastland boundary for Site CC was defined as the
edge of vegetation for the right and center profiles. This

vegetation line is also accompanied by a slight scarp which

is composed of grass clumps tightly bound to the beach by

root masses. The fastland boundary for the left profile was
defined as‘either the in-place sediments forming the bluff, .
or the material whicﬁ slumped from the bluff face.

Monthly profiles were collected at Site cc and a
comparison between successive months.is illusﬁrated in
Figure 5.12. Profile comparisons of successive months

indicate that only very minor changes. occurred at all three

profile locations. The small vertical bluff face at the
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left profile has a er of thick tree roots which has held
the sediments tightly in place. The monthly profiles at
the right and center stakes show some modulation of
sediments on the beach and foreshore, but neither set

shows any considerable fastlénd‘retreat. There was also a
small slump between.thé inital profile in October 1978 and
the next profile in December 1978. The profile on December
29, 1978 shows removal of,much‘of.the-slumped sediment from
the profile at the centef stakg;ibut;the subsequent
profiles do not show any additional change.

In summary, 6nly'hinor changes were observed at all
three profile locations during.the period of the study.
‘This site is sheltered from some of the‘strongést winds
which blow from the north-northwest. The site.is loéated
in a popular boating area, but it is protected  from close:
passages by boats due to a pier.which éxtends out from the

shore.

Site EE: A small bank and beach.in Maynedier
Creek off the upper Severn River.

' This site is located inside the mouth of Maynédier
Creek, off the upper Severn River (Figure.5.13). The beach
segment chosen for monitdridg consists of é small bank and
beaéh which is adijacent to the ravine pocket marsh at the
consultants' Site E described in’Chabter 1V.

The profile layout for site EE consists of two
transects spaced 30° apart; The left profile contaiﬁs a
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sﬁall vegetated beach which is 10 feet upstream from the
edge of the marsh. Landward of the beach on the left
profile is a heavily-vegetated region of mature trees,
shrubs, vines, and much small undergrowth. The right

profile contains a beach with considerable growth of beach

grasses extending 6 feet seaward of the bank. Landward of

the beach on the right profile is a steep Vegetated bank.
The vegetation at the top of the bank consists of mature
trees, shrubs, and vines.

Sediment samples at Site EE were collected from the
upper 1-2 inches on the shoreline profile (Table 5.1).
The sediménts collected on the beach and in the nearshore

are principally sand and are presumed to be derived from

‘the erosion of the bank. The sediments in the bank contain

70% sand and some pebbles 1-3 mm. in‘size.,The beach face
in front of the bank contains 98% sand. Sediments
collected from the nearshore zone approximately 4 feet
seaward of the grasé on the profile contained higher silt
and clay content. The sandy nature of the sediments at
Site EE stand in sharp contrast to the mucky consistency
and high organic content of the adjacént'marsh which is the

consultants' Site E (Chapter 1IV).

N

Next pages: Figure 5.13 (left) Location map showihg
‘ " Site EE. ~

Figure 5.14 (upper right) Aerial view of
Site EE. - .

Figure 5.15 (lower right) Typical profile
of Site EE in October 1978.
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The mean tidal rénqe at'study site EE is approximately
0.8 feet. There were no shoreline protection structures
present along this reach during the period of study which
are considered to interfere with sediment deposition. There
is a pier adjacent to the profiles, but this pier is not
considered to have an effect on shore erosion.

The shoreface at Site EE receives boat-wake energy from
boats entering or exiting Maynedier Creek. The boating |
characteristics are discussed for the consultants' Site E in
Chapter VI. Thié study site, because of its extreme north-
west location on the upper Severn River, experienced the .
least amount of boat-wake energy of the study sites. During
the weekdays, 53% of the boats were towing waterskiers and
made multiple passages of the shoreline. Maynedier Creek
has a speed limit on weekends and holidays and 97% of all
boats'travelled_at speeds of 10 mph or less..

The shoreface at Site EE also receives wind-wave energy
which is fairly limited by Mathiers Point at the mouth of

“Maynedier Creek and by the shallow bathymeéry of Round Bay
beyond, _Thg limited fetch within Maynedier Creek p;ecludes
.the generation of any appreciable wind‘waves in the aréa,
except.at very high.wind speeds. The wind-wave climate in
ﬁhis area is discussed in Chapter VII.

Profiles at Site EE wére collected monthly and a
comparison between successive months is il;ustrated in

Figure 5.16. The fastland boundary at Site EE for the left

Opposite: Figure 5.16 Comparison of monthly profiles collected
at Site EE.
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profile is defined as the landward edge of begch veqetation.
The fastlénd boundary for the right profile site is defined
as the base of the bank .

The profile comparisons indicaté that 6nl§ minor
changes occurred at both £hexright and left stakes. .Some of
these irregularities on successive monthly profiles are due
to the driftwood, falling trees, and logs which.collected on
the shoreline and which were not removed whenlthe surveys
were collected. For inétance a comparison between the
December 4,.1978_and Decémber 28, i978 profiles at the left
stake shows some distortion caused by logs. 'During the
boating season, the left pfofile experienced a slight
episode of bank erosion that is evident on the August 9,
1979 profile. The nextvmonthly profile at the left stake
was collected after the passage of Tropical Storm David .and
more change was observed. By October 31, 1979, the»sediments
thich had accumulated at the base of the bank were mostly
removed.

In summary, there were only minor changes in the
shoreline profiles at this site. A small amount.of hank
erosion was measured during ﬁhe»boating seaon, -and some
additional erosion was observed after the passage of

Tropical Storm David.

Site FF: A beach and sandy marsh on Beards Point
o in the upper South River.

¢ - B
Thisi site is the community beach in a subdivision known
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asVGien Isle (Figﬁre 5.17).. The shoreline seqment chosen
for monitoring consists partially of a lawn bank landward of
a beach, and an adjacent marsh‘on Beards Point. The profile -
laybut fdr Site FF contains three transects spaced 30 feet
apart;' Figure 5;16'illustrates the exact location of these
profiles.

The vegetation for Site FF at the right and ceqter
profile locations consists of -ordinary lawn grass which is
maintained by cutting. This lawn grass extends up to a 2
foot scarp at the waters' edqé. Beyond the scarp is a beach
composéd of brown sand. At the left profile staké, the
vééetation consists»of a dense cattail'marsh which extends
up to the shoreline scarp.. Sedimehts exposed in the scarp
contain very compact root masses.

Sedimeht sémples were collected from the scarp, beach,
and nearshore in the upper 1-2 inches of the shoreline
profiles (Table 5.1).. The sediments in the nearshore zone
at Site FF are considered to be primarily derived from the
erosion of the grassy beach. This is shown‘from samples
collected from this scarp which were composed of 897% sand
cohtainingvpebbles 1-10 mm. in size. The beach samples

collected in front of the scarp, and the nearshore samples

Next pages: 'Figure 5.17 (left) Location map showing

Site FF.

Figure 5.18 (upper right) Aerial view of
Site FF. , :

Figqure 5.19 (lower right) Typical profile of
Site FF in October 1978,
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Figure 5.20
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contained 97% sand and pebbles ranging from 1-5 mm. in size.
Sediment samples taken from the scétp on the left profile
contained léss sand and slightly more silt and clay,
(Table 5.1). |

The mean tidal range at Site FF is approximately 1.0
foot. The only shoreline structure present in the area is a
community boat pier and mooring area whiéh inclﬁdes a wooden
bulkhead that extendsilO feet out and is approximately 150
feet downstream from the study site, This pier is not
consideréd to have an effect on shore erosion at the study
site, | |

The shoreface of Site FF receives boat-wake energy from
boats travelling up and down the South River. There is no
speea limit restriction and most of the traffic is.
travelling at high speeds.. The location of Beards Point
results in relatively close passages of boats within 75-100
feet of the shoreline. Wakes from boats travelling upstream
probably impact the downstream side of Beards Point in the
vicinity of site FF more than wakes travelling downstream.
Wakes were not measured at this site, but waves were
observed to be undergoing refraction around Beards Point
during the time profiles were taken,

The shoreface at Site FF also receives wind-wave energy
with the longest fetches from the east and southeast.

Regional winds from these directions can generate

Opposite: Figure 5.20 Comparison of monthly profiles collected

at Site FF.
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éppreciable wave energy which would focus direcﬁly on Béards
Point.  Wind waves from the northwest will create the same
type of refréction previdusly mentioned, and could have

sone effecf on tﬁis site. o

The fastland boundary for all 3 profiles was defined as
the edge of.vegetation which is alsorthe first pronounced
change of slopg.

Profiies at Site FF were collected‘monthly‘and a
comparison'between successivé months is illustrated in
Fiqure 5.20. The comparison shows that the small scarp at
all three profile stakes experienced slight changes during
the yeaf of study. The left‘pfofile stake in the cattail
marsh e*perienced the greatest change during the passage of
Tropical S;orm David on September 8-9, 1979. The profile
for September 13 at this stake shows a change in the profile
neér the scarp, and erosion of sediments, when compared to
the August'2 profile. There was also noticeable modulation
of the sedimenﬁs on the beach from month to month before the
start of the boating season. But the changes in the.
location of the fastland boundary were minor at all of the

stakes at this site..
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VI

BOATING FREQUENCIES AND CHARACTERISTICS

‘Robert J. Byrne, John D. Boon III
Rhonda Waller, and Deborah Blades

A. Introduction

This chapter describes the ffequencies of boat passes
and other boating characteristics which'were observed in
front of those sites described in Chapter IV. At the
beginning of the study, these sites weré known to be located
in areas of Anne Arundel County which were popular for.
boating, but there was no informgtion available on the exéct
levelé or patterns of boating which might be expected at
each site. Sinée this information is useful in interpreting
the behavior of the shoreline profiles during the boating -
season and at other times of the year, each of the five
sites was occupied on a daily rotating basis for several
weeks during the summer of 1979 (fable 6.1), toiinventory
the boating characteristics and to measure the boat-wake
energies which are discussed in the next chapter.

The results presented in this chapter shoﬁ there were
markedly different frequencies of boat passes at each of the
five study sites, together with different patterns of boat
speeds, hull configurations, and distances of boat passes
from the shoreline. The experiments with controlled boat
passes.discussed in Chapter VIII show specifically how these

different characteristics can affect'the wave heights {and

]

Next pages: Table 6.1 Boating inventories at the study

M sites.
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Table 6.1 Dates and Sites of
Boating Inventory

' : Total Average

Date +  Day Site Boats Boats/Hr. Weather
25 May Fri A 98 14

26 Sat B 72 9

27 Sun C 208 : 26

28 Mon D 522 Navy Day 75

29 © Tue - E ) 0 Rain

30 Wed A 221 28

31 Thr C 5 1 Rain/Haze
1 June Fri B 18 3

2. Sat D 231 29 Rain

3. Sun E ) 4 Rain

4 Mon A 64 13

5 Tue B 206 26

6: Wed C - 107 13

1 July Sun A 400 - 100

2 Mon B 67 10

3 Tue C 203 25

4 Wed D 281 70

5 Thr E 35 5

6 Fri A 357 45

7 Sat B 511 64

8 . Sun Cc 647 81

9 . Mon D 174 22

10 Tue E 39 6

11 Wed A 188 24

12 Thr B 149 19

13 Fri C. 88 15 Haze/Rain
14 Sat D 397 50

15 Sun E 120 "~ 15

16 Mon A 234 29

17 Tue B 106 13

18 Wed C 149 19

19 Thr D 148 18

20 Fri E 62 12 Haze/Rain
21 Sat A 302 76

22 Sun B 537 67

23 Mon C 90 13 Haze/Rain
. 24 Tue D 118 15 Rain/Clear
25 Wed E 38 6

26 Thr A 170 21 Haze/Rain
- 27 Fri B 104 15

28 Sat (oF 337 42

29 Sun D 438 63

30 Mon E 30 4

31 Tue A 171 21
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Total Average
Date Day Site Boats Boats/Hr. Weather
1 Aug Wed B 159 23
2. Thr C 118 20
3 Fri D 105 21
4. Sat E 106 13
5 Sun A 1505 188
6 . ‘Mon B 107 13
7. Tue C 147 18
8 Wed D 127 16
9 Thr E 74 12
10 Fri A 187 23
11 Sat B 257 51 Haze/Rain
12 Sun : No Data
13 Mon No Data
14 Tue E - 46 6
15 Wed , No Data
- 16 Thr B 30 6
17 Fri C 75 9
18 Sat D 228 28 Clear/Rain
19 Sun E 84 10
20 Mon E - 49 - 6
21 Tue . No Data
22 Wed c 85 11
23 Thr D 86 11
24 Fri No Data :
25 Sat No Data
26 Sun’ B 215 43
27 Mon C 43 6
28 Tue - D 44 6 .
29 Wed. No Data :
30 Thr E 28 7
31 Fri B . 26 4
1 Sept Sat C 0113 ‘ 28
2 Sun No Data
3 Mon B 60 8
4 Tue A 15 2
5. Wed No Data
6- Thr - : No Data
7 Fri B 11
8 Sat E 30 4
9 Sun D 38 5
10 Mon B 28 4
11 Tue C 32 5
12 Wed D 40 7
13 Thr E 0 , 0
14 Pri No Data -
15 Sat No Data
6-3
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thus the wave éner9y)-in wakes which break along the shore-
line. The experimental data helps to expiain why there is
not a clear increase in bqat—ﬁake enerdy (discussed in the
nexthhapter) at the sites with the highest boating~

frequencies,

B. Methods

An inventqry of boating activity was conducted at the
study sites during an initial 13 day period (25 May - ©
June, 1979) and a following 77 day period (1 July - 15
September, 1979). The initial sampling design called fdr
each site to be inventoried on each day of the.yeek twice
(i.e. 2 Sundéyé, 2 Mondays, etc.).. This level of sampling
strateqy was determined by the fiscal constrainps on tﬁe
study; these constraints precluded anything othir than a
simple rotation of a single observer from site to site in a
sequential series.

‘An_obServer categorized all boats passing at each site

between 1000 hrs, and 1800 hrs. EDST. Figure 6.1 shows an

.example of the log sheet which was used on each day that

observations were made. Each boat passing the study site was
logged, in sequence, notingi

o Time of day;;

o Boat speed (estimated).

o} Huli length (estimated).

o Hull type; displacement or planning.

o Sail_boat;

Opposite: Fiqure 6.1 The log sheet which was used to
1nventory boating frequencies and other
characteristics at the profile sites described
in Chapter 1V. : ‘
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On each of

Presence of a skier in tow.

Direction: upstream, downstream or
turning.

Distance: estimated or determined with
range finder.

the days when boats wete inventoried at a

site,. the incoming boat-wake waves were also measured using

a surface electronic wave gauge with a strip-chart recorder

output (described in Appendix C). The wave heights were used

to construct the wake-energy budgets, which are described

for each study site in Chaptér_VII.

when boating activity and boat wakes were measured at

~a certain study
hour of:

o

.

‘site, observations were also made each

Wind sveed and direction at the study
site, using a w1nd-speed gauge and compass.

Cloud cover noted as clear, scattered,
broken, or overcast.

Visibility: haze, rain, fog, unlimited.

Position of still water on the shoreline
profile.

Position of the breaker zone and the upper
and lower limits of the swash zone on the

: shorel1ne profile.

C. Results

Hourly recording of the wind-wave field
using the wave gauge.

A comparison of the boating statistics for all the

sites is given in Table 6.2, Déilv summaries of all the

Opposite: Table 6.2 Comparison of the boating statistics

for all of the study sites.
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hoating characteristics at each site are presented in

Tables 6.3 thru 6.7.

SITE DESCRIPTIONS

Site A is located on the vegetated spit along the
lower South River near the entrance to Harness Creek. There
are two dist;nct patterns of boating in the vicinity of
this site. One group of boats opefateé in a popular
sailing area well away from the shoreline, out near the
maih;channei of the lower South River. Another-éroup.of
boats enters and leaves a popular anchorage area in Harness
Creek, and passes the study site at a much closer
distance..

Table 6.3 shows that the total frequency of boat
passes, and the portion of boats passing close to shore at
. Site A can vary from day to day, and from weekday to
weekend. The summary of data from all sites in Table 6.2
shows thgt, on the average, more thén two~thirds of the
weekend boat passes at Site A take place well away from the
shoreline out in the South River and a 1arqer bercen;age of
the weekday bhoat passes at Site A take place nearer to the

mouth of Harness Creek.

Opposite:s ‘Table 6.3 Daily invéntory of boating activity
for Site A. . _
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7% of the weekday boat passes at Site A consisted of
sailboats compared to 15% of the weekendbboat passes. This
observation partially explains the lower percentage of
planing boats which were present in the weekend boating
patterns. The average frequency of boat passes on weekends
at Site A was 4 times és high as oﬁ-weekdays. The average
hull length and average speed were approximately the same on
both weekdays and weekends.

Most important, Table 6.2 shows Site A experienced more
boat passes on both weekdays and weekends, on the average,
than any of the other 4 study sites whose profiles are

described in Chapter 1IV.

Sité B is located at the steep bank on the upper South
River near Goose Island. This site is located along a
vrelatively.straiqht reach of shoreline, and in a relatively
sheltered portion of the upper South River. The site is not
‘near any popular anchorage of docking Eacility, and is a
-popular running ground for high—spéed power boats and ski
boats. |

This popularity is reflgcted in several of the
sﬁafiétics_of boat-uée.on Tables 6.2 and 6.4. Virtually no

boats under sail were observed at this site, and almost 50%

Opposite: Téble 6.4 Daily inventory of boating activity
at Site B. o .
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of the total number‘of boats inventoriéd were pulling skiers
bothaon-weekdays and weekends. About 90% of all boats
inventoried had speeds‘which were estimated at 10 mpﬁ or
more, and lengths of 22 feet or less. Between 75 and 80% of
the boats remained mofe than 480-feet from the shore,
probably 5ecadse of shallow depths and obstrﬁctions (tree
trunks) near the shore at Site B.

: Table 6.4 shows that Site B had, on the averaQe, the
second~-highest frequency of boat ﬁasses (next to Site A) on
the‘weékénds. The average number of boats on the weekends
was.siiqhﬁly less than 4 times the averagé number of boats

on weékdays,

.8ite C is located at the small promontdry on Broad
Creek déar the entrance. to the South River. Broad Creek . is
comparatively deep along both shores and relatively
straight. Like Sites A and B, considerably more boating
activity occurred on weekends as compared to weekdays.

Table 6.5 shows Site C experienced the second largest.
 boating frequency on weekdays of. the five sites, ahd some
63% of its éveraqe 95 boats per day were pulling skiers.
Table 6.2 shows about 93% of the weekday boats were 22 feet
or less in iength and about 90% had épeeds_exceeding 10 mph.

More than 80% of all boats observedipassed within 200 feet

Opposite: Table 6.5 Daily inventory of boating activity at
Site C : '
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of the shore and roughly 30% came within 100 feet of shore.
Thus Site C is clearly a site in which a high level of
activity was concentrated very near the shoreline being

monitored.

Site D is located at the bluff near Severnside on the
northern shore of the Severn River. This site is the most
exposed of the five sites tijind;wave activity. Compared
to the sites discussed for the South River, weekend boating
activity was not greatly in excess of that observed during
weekdays, even tﬁough the Fourth of July holiday was
included among the former. Tab1e16.2 anda6;6 shows that very
little skiing was observed at this site and boating charact-
eristics were rather mixed with a broader distribution of
boat sbeeds and lengths than at other sites. A This was not
unexpected in view éf the.éiose proximity of Site D to the
port .of Annapolis, a major center for yachts of all types.

It is also apparent in Table 6.6 that most of the boating

activity occurs well out in the Severn. Most of the traffic

- appears to be transiting to and from the Bay.

Site E is located at the pocket marsh inside a cove

that opens to the Severn River. The site is well protected,

Opposite: Table 6.6 .Daily inventory of boating activity at
Site D. o . ' ‘

ey PR R S —. el SEmas  aSama

b 0

] 1 [~ 0



LE € L S 4 S ¢4 : T 2T ¥t 4 1T 2T st . oy pay deg gt
ot 9T o1 2 £ v 8T 91 3 s sz ¥ 1 12 6 9 86 . ung  deg
44 S €T € 1 - pz el s b vz ozt L 6T 8 6 by ang bny 8z ,
g 1 81 - 0z 8 4 ST ST st z 62 9T 67 98 ayy, bav gg
vzz 2 z 98 0T oL 2t 6% 9 §§ €5 T .9t S8 v0T 8zz. jeg  bov 8T
61T € T £ 61 z 1y zL v T LE s ™ b9t Lzl pay  bny g
06 1T L s LT 9 6¢ 8b 61 ST ST §§ 1 6€ 9t . 6Z S0T L EF S A m
pyr € 4 1 T 88 €. 9T 60z 01 0Lt 25T o1 ST SST 19T 96 8eY uns Toc 6z
L8, 65 T 12 T 1z 98 1 vy 0f L BT 19 69 8v1 ayr  Top 61
sae v L ST T TL  wvz 9 9%  TZT 8LT ¥ 0T TLT Z6 L6 3es TnL by
€Lt S 1 - LT S Wyt €T T St Lt ov . 98 v pL1  uoR  Tnp 6
€Lz 1 1 S T 59 rAN -1 2N A S 1> 85 8l L9 Z9  6z1 06 182 pem  Ing b
sz . 9 T €91 16 89 85 ¥z . s L1 66 TEZ ~ 3es unp g
zes g - -~ BET pLE  6¥Z LLT L 9T 69 £EvZ 18T ¥t zes  uow AKew gg
gv< 8y 9 0T 01> a d 0E< 0€ 2T 91> 0E< Q€ 0Z OT> sessed
(0T X 33) (33) (ydur) , jeod (6L6T)
asue3lstq 1108 I9TYS adAy yspusa 1InH - poadg 3jreog . Te30g Red 93eQ
_ g 837§ - : 3 .

sorzeunmg A7tred ‘A31AaTiovy bBurieodg 3o AiojusAur 9°9 mﬁnma

/ .



the nearshore zone is muddy and‘exéremely shallow at low
tide in the vicinity of the monitorinq.siﬁe. .In cohtraét ﬁo
the other sites, Site E experienced minimal boating activity
durihgbboth weekday and weekend observation periods.

Roughly 60% of all boats inventoried had lengths of 16 feet
or less. On weekends, 97% of all boats travelled at speeds
of 10 mph,or less. Skiing activity accompanied about 53% of
weekday boéting, but dropped to about 1% during weekends.
This is an indication that the weekend skiing restriction is

being respected by the boaters.

Opposite: Table 6.7 Daily inbentory of boating-activity at
Site E. .
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VII

COMPARISON OF BOAT-WAKE AND
WIND-WAVE ENERGY BUDGETS

Robert J. Byrne, John D, Boon IIT,
Rhonda Waller and Deborah Bl.des

A. Introduction

This chapter presents a comparison between the
wind-wave energy at each of the study sites described in
‘Chapter IV for the year of observations (October 1978
thru October 1979), and the wave energy in boat wakes
-during the summer of 1979. This information was produced
as part of the study in order to interpret»thé seasonal

appearance of the shoreline prof%les at each of the study

sites. A discussion of the association between the wavé‘

enerdy budgets énd the fastland response is éontained in
Chapter IX. |

A relatively easy way to compare the potential for
shore erQsion_from boat wakes and wind waves is to.
¢ompare the wave energies from each source. Wave energy
is simply proportional to the square of the wave heights.
-However, a single value of the.maqnitude_cfiwave_energy
within a given hour does not explain'how thét energy may
have been distributed wifhiﬁ that hour. For exampie, a
. few large waves-in.an otherwise calm hour,would”coﬁtain
the same energy as a greatér number Qf smaller waves -
dufing the hour. Even a very small wave of 0.1 foot is
capable of moving sand when it.breaks_on the beach, but.

its zone of influence on. the shorelinerprqfile is small;‘
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. wake enerqy budget were:

A larger wave, say 0.5 foot, has the capacity to move more
sand per unit area over a larger area.

For this study, the field measurements were used to
construct models of the total enerqy contéined in boat wakes
and wind waves. In spite of the fact that information on
the individual waves is lost when the boat-wake end
wind-wave energy budgets are drawn, the expression of e?erqy
provides an index for the capacity of boats and the wind to'_

do work on the shoreline profile. | :

Methods

It is important to realize that the values presented
for total_wind— and boat-wake energies are estimates. ‘A _
complete portrayal of the wave energy at each site would
have required contihuous measurement of the waves at each
site which was well beyond the scope of the present study.

The principal steps involved in the calculation of the boat-

-

1.) Develop for each site the regression relatlonshlp
between hourly boating frequency and total boat-wake
energy per hour. This relationship allows .the
simple estimation of hourly wake energy from the
hourly boating frequency. ' _

2,) Establish the duration of the boating season. This
' was assumed to extend from 15 May through 15 '

September. The data obtained in the boating.
inventory (Chapter VI) indicated a dramatic decrease
in boating after about 20 August. Thus. two,levels,
of boating activity were assumed to apply:. a high
level between 10 June and 20 August, and a lower
"transition" level between 15 May - 9 June and
between 21 August - 15 September. :



3.)

4.)

5.)

i

Establish the average hourly boating frequency for both’
weekdays and weekends at each site. This was achieved
by separately averaging, at each site, the weekday and
weekend hourly boating frequencies observed during the
inventory of boating activity. 1In order to describe
‘the higher levels of activity, the values and the
averaging was restricted to those observations between
10 July and 20 August. The transition periods (15 May -
9 June and 21 August -15 September) were assumed to
contain one-half the hourly boating frequency described
during July and August. .

For the purposes of computation, the period of boating
activity each day was taken as 8 hours. This is
reasonably consistent with the observations that most
boating occurred between mid-morning and very late
afternoon or early evening. '

Following steps (1) through (4), the wave energy due to

boat wakes was then calculated on a monthly basis and
also for the periods between surveys of the shoreline.

Boat Wake Energy Calculations

Analyses from the ihitial 13—day observation'period

indicatédithat the hourly'boat wake energy was linearly
correléted,with hourly boat frequehcy at each of the fi#e
sites (Figures 7.1 to 7.5). When boat iraffic was light,
the signatufes of individual boat passes could be

discriminated in the record. 1In these cases, the hourly

boat-wake energy was simply'the sqm of the energies in

individual boat passes during the hour. When the boat

traffic was so heavy that it was not possible to

discriminate individual boat passes, the wave recorder was

turned on for 15 minutes each one-half hour so that battery

energy would be conserved, thereby iﬁsuring the capability'

of - the instrument to measure waves throughout the day. In

these situations, the hourly wave energy was calculated as a

7-3
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multiple of the waQe enerqy contaihed within the 15 minute
segements. But the frequency of boét passes and other
characteristics of each passing hoat were still continuously
recorded oh the log sheets.

The actual enerqy.of a wave isg directly proportional to

the square of the wave height. The total energy contained

-in each boat wake reaching the shore was calculated as:

Eg iquHzrms : ' 7'1

"where N Number of boat waves recorded
Hyps = Mean square wave height

= (TH2/ML/2, i=1,2,...,8

1]

'/Dq Specific gravity of water
= 62.5 lbs/ft3

The enerqy given by equation 7.1 requires an adjustment

for background éﬁerqy due to wind waves if anyAéte présent.

. Wind-wave energy contributions were determined from samples

of wind waves taken during the absence of boéts
approximately at the beginninq of-ééch hour. Using equation
7.1 together with the number of wind waves present in the
Sample, an energy "C," is caiculated as én'estimate of the
wind-wave energy cénttibutién dutihg subseqﬁent boat—wéke:
events: | ‘ |

Cy = EuylAtp/ At, ' o 7.2

where A\ tp = Time duration of recorded boat
wave event

.Time duration of wind wave sample
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The adjusted individual. boat-wave energy is therefore
Ep® ='EB - Cw. If two or more boat-wave trains were
encountered at one time, the resultant waves are treated as

a single event.

ii. Regression Analysis between Wave Energy and

Boating Freguency

For the levels of boating activity and boat-wake
energies which were collected at the study sites, a line of
best fit to the data collectgd at each site was.calculated
using iinear regression through Ehe origin (Table 7.1,
Eiqurés»?.l thru 7.5). Reqgression through the origin is
required since boat-wake energy must épproach zero as thev
nﬁmber of boat passes approaches zero. The model for this
regression is: .

Ey ;ﬁfﬁ +£  ' 7.3

where Ey = Total boat enerqy for a
' given hour

£y =>Freguency of boat passes
during the hour

/9 = Regression coefficient

™
il

Deviation from regression

oﬁposite: Table 7.1 (top) Results of regreséion analysis:
' hourly boat-wake energy as a function of
hourly boating frequency.

Figure 7.1 (bottom) Regression curve fbr:boating,

and wake energy at Site A.

next pages: Figures 7.2 to 7.5 Regression curves for boating

and wake energy at Sites B thru E.

aul Bl SN e A A Gk S LR SN Sheat Ak O SSEet 0 Smme S — — —

ams



N T e .

U I T N e ..

-

Regults of Regression Analysis: Hourly
Boat Wake Energy aa_a Function of Hourly
Boating Frequency, BH = b fn.

Regression Equation

Site Confidence Interval Sample Standard
Estimate on Regression Deviation from
Coefficient Regression, Sp ¢
A BH = 4,89 fﬂ + 0.73 3.84
EB - 3,24 t}l + 0.71 7.47
By =224 £, + 0.46 3.69
B E; =2.82 1, + 0.47 . 5.98
c By = 1s.78 £, + 1.47 22.95
) B, = 10.64 £, + 1.14 1B.86
E By~ 2.27 1 +0.34 2.95
8 _ ,
. RELATION BETWEEN HOURLY BOAT
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For the purposes of this study. an extended form of
this model was constructed where the variance of &£ is
assumed to be directly proportional to the value of fy-
Using the assumption, /9 is‘then‘eétimated by the sample
regression coeffiéient "b", which is computed as "b" =
Ey/ fy = By/fy. |

%vaviously, the use of the model for obtaining daily
boat-wake energy assumes that the mixtﬁres of boating
characterisﬁics remains cOnéiséent throughout the boating
seasdn, and that_the sample data are unbiased, The primary
benefit of the m;del is that it enables the prediction of
boat-wake energy to extend to all days during which the
fundamental variablé of boating frequency had been measured.

Regression analyses were performed for each site using
sambles from'the data acquired throughout the boating
season. The results of the regression analyses are-
presented in Table 7.1 and shown in Figures 7.1 through 7.5.
Table 7.1 contéins the indiviudal reqression estimates for
each site, the sample standa:d deviation from regression
‘SE‘f

regression coefficient (Sp t g5) using Student's “t® at

}. and a confidence. interval estimate on the

an alpha level of 0.05.

Multiple regression equétions were developed for Site A
since this site Qaé.exposed to wave energies arising from
boat tfaffic uéing both Harness Creek and South River. Table
6.2 indicates that on weekends approximately 65% of the

passes were associated with South River traffic, but the
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level dropped to 46% on weekdays. The three reqgression
lines described in Figure 7,1 (and Table 7.1) represent
conditions reflecting the different proportions dfftraffic
on South River. The'dpper curve'(July '79) was defived from
Jdata samples on the 6th, llth and 31lst of July when only
about 25% of the passes were in SQuth‘RiVQi, aﬁd thus
reflects the energies derived from boats relativeiy close to
shore. The lowest regression line (May '79) represents
sample from two da?s.ih iate May when the majority of boat
passes were in_the South River and the resulting wave
enérgies reaching the site were relatively small. 1In the
calculation of total boating energy durinq the boating
season (which will be discussed shortly) the regression
relation Ey = 2-24-fH was used for weekend days and the
"combined" regression (Figure 7.6) was_used_to approximate

the relationship for weekdays.

iii. Average Hourly Roating Frequency and Wave Energy Due
to Boats :

The‘reéression analyses discﬁséed abéve éhéble the
hourly boat-wave eﬁérqy'to be estimated from the hourly
boatihg frequency At each site, a number of weekdays‘énd
weekend days were inventoried‘durihg the‘boatiné seaSon
{Table 6.1). For each of these days'an'avérége hourly
boatinq fiequency wés'calculated (Tablé 6.1 and Figure 7.6).
Examination of Fiqure 7.6 shows that during;ﬁhe'létter part

of August and during September'the average hourly frequency



had diminished relative to the mid-summer period. Althduqh
there are fewer observation days in late May and early June,
there is also a suggestion that the average hourly
frequencies were also less‘in this early-part of the boating
season. These periods of diminished activity can be
predicted singe the local schools récess for summer in eériy'
June and return in late August,

Fof the purpose of éstimating the average hourly
"mid-summer" boating frequency at each site, the period
,bétween 10 June and 20 August was used. The weekday and
weekend hourly boating frequencies were separately averaged.
It was then assumed that the "transition" periods were
characterized by one-half of the respective "mid-summer"”
levels.

‘The boating seasonIWas assumed to start on 15 May and
to end 15 September. Thus the‘transition'periods were 15
May~to=-9 June and 21 August-to-15 September. The average
.hourly boating frequencies so derived.are listed in |
Table 7.2.

The total wave energy in any monthly period (or profile

period) is estimated by the hourly wave energy at each site

opposite: Figure 7.6 Graph of average hourly boating
: frequencies at the five study sites.
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‘multiplied by the number of days (weekdays and weekend days)

and by the number of boating hours per dey (which was
assumed to be 8 hours).
Results ‘

The values for wave energy from wind waves and boat
wakes for the year and for the boating season are shown iﬁ
Table 7.2, together’withfthe relative magnitudes. With
respéct to wind-wave activity, the sites rank (in decreasing
order) D, A, B, C( E for_both the_total year, and the 19797
"béating season". The sites ranqe'c. D, A, B, E“with respéct
to boat-wake energy.

- Site C exhibited the hiqheét (20.4%) percentage of boat
wake energy during the boating season. Note that
Figure 7.7 shows boafs were not tﬁe principal source Qf-wave
enerqy at any of the shoreline sites during the summer.
monfhs; Nearly one-half (42-55%) of the total annual wind

wave energy occurred during the boating season

'(May—September).

Monthly summaries of the wind- and boat-wave energies’

are given in Table 7.3 and Figure 7.7. A summary between

opposite: Table 7.2 Comparison of Wave Energies for the
Year and Boating Season. '

next pages Table 7.3 Wind-wave and boat-wake energy
' budgets at each site between profile periods..

Table 7.4 (left) Wind-wave and boat-wake
energy budgets at each site by month.



Table 7.3 wWind-Wave_and Boat-Wake Energy,
ft-lbs/ft2 bv Profile Period

Period SITE

A B C _ : D E

10/29/78~ 357,845 361,120 241,211 390,062 227,638
11/25/78 :

11/25/78- 397,659 292,156 223,281 409,392 172,665
12/20/78 .

12/20/78- 501,347 388,154 350,278 1,069,687 219,930
2/3/79

2/3/79- 36,737 25,469 244,837 512,135 28,905
3/10/79

3/10/79- 637,492 526,448 383,118 . 690,178 334,576
4/15/79 - -

4/15/79- 571,142 460,157 435,388 651,301 381,474
5/25/79 | .
5/25/79- 529,469 297,318 348,538 556,232 297,539
6/23/79 _

Boat , 43,080 14,160 83,850 56,240 3,560
% 8.1 4.8 24.1 '10.1 1.1
6/23/79- 538,453 400,853 374,921 610,303 347,469
7/28/79 . ) o -

Boat 56,260 23,240 137,080 90,750 . 5,720
3 10.4 5.8 36.6 14.9 1.6
7/28/79- 369,195 310,968 236,258 408,779 220,484
8/18/79

Boat 32,030 13,300 78,880 53,280 3,370
3 8.7 4.3 33.4 13.0 1.5
8/18/79- 578,233 426,361 411,982 670,357 437,187
9/15/79 -

Boat 17,820 . 9,400 65,400 36,500 2,300
3 3.1 2.2 15.9 5.4 0.5
9/15/79- 721,058 518,193 451,789 770,309 422,181

10/20/79

% Boat Energy = Boat Energy + Wind Wave Energy x 100




Table 7.4 Wind-Wave and Boat-Wake Eneragy,
- ft-1bs/ft2; by Month
Month S ITE
_ A B C D E

' Nov, '78 368,876 382,030 243,274 401,653 231,533
Dec,'78 568,327 397,942 302,422 580,851 232,657
Jan,'79 286,499 220,384 203,256 729,965 131,259
Feb, '79 0 0 241,940 459,637 0
Mar,'79 426,045 290,674 284,571 582,364 240,740
Apr,'79 449,694 436,867 282,900 501,979 244,569
May,'79 494,260 - 333,635 373,589 550,673 327,697
*Boat 9,200 4,750 - 28,450 19,740 1,250
% Boat 1.9 1.4 7.6 3.6 .04
June, ' 79 525,098 - 297,350 367,197 572,675 320,864
Boat 31,200 25,170 96,980 65,120 - 4,110
$ Boat. 5.9 8.5 26.4 11.4 1.3
July,'79 453,541 377,932 303,306 512,831 286,220
Boat 37,700 19,790 117,250 78,940 4,990
$ Boat 8.3 5.2 38.7 15.4 1.7
Aug,'79 591,475 443,806 407,363 663,395 397,749
Boat 30,300 15,840 94,180 64,130 4,060
% Boat 5.1 3.6 23.1 9,7 1.0
Sep,'79 586,703 486,024 396,056 649,273 423,585
**Boat 9,700 5,130 30,180 19,730 1,240
3 Boat 1.6 1.0 7.6 . 3.0 0.3
“Oct,'79 697,298 466,529 418,117 764,014 344,376

* Boating Energy Based on 15 May - 31 May

** Boating Energy Based on 1 Sept. - 15 Sept.

% Boat Energy = Boat Energy : Wind Wave Ehergy x 100
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profile periods is given in Table 7.2. - The zero entries
for wave enerqy at Sites A, B, ahd E during Februafy,
1979 represent ice-bound conditioné. A relatively
strong contribution from boat-wake enerqgy at Site C is
shown in Figqure 7.7. 1In Juiy‘l979, boat—wake enerqgy was
38.7% of the wind-wave enerdy (27.9% of thé total wave

energy (Fiqure 7.7).

"It is of interest to compare Sites B and C. Both sites
were subject to essentially the same levels of wind energies

with the same percentage of that activity occurring during

the boating season (47-48%)! Inspection of Table 6.2

indicates the two sites have very similar levels. of boating

activity'and about the same ratios of planning versus

displacement hulls. Site C had a somewhat higher

percentage of water-skiing activity (45% versus 60%). The
major difference in the boating activity at the two sites

was the distance of the boat passes relative to the shore.

At Site B about 80% of the boat passes were at distances

next page: . Figqure 7.7 Histograms of monthly wave energy.

Open boxes. represent wind-wave energy and

blocked boxes represent boat-wake energy. The

values entered above the boat-wake energy
represent the fraction of boat-wake energy

"relative to the total {wind plus boat) energy

for the month.,
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greater than 500 feet whereas at Sité c oyer_BO% of the boat
passesrwere at distances less than 200 feet. It thué appears
that the close proximity of paséaqe at Site C is the
principal cause of the relatively high boat-wake energies.
In addition, tﬁe steeper nearshore bottom:gtadientba; Site C

results in less frictional influence on the incoming waves.




VIII

WAVES GENERATED RY PASSAGE OF A BOAT

Robert J. Byrne, John D. Boon III,
Rhonda Waller, and Deborah Blades

" Introduction

This chapter presents the results of a modest
experiment conducted at one of the study sites to understand

the behavior of wakes produced by boats cruising at

- different speeds and distances from the shoreline.

As a boat passes over the water's surface, part of the -
energy transmitted by the craft's Dropﬁlsion'unit is taken
up by the water in the form of surface waves._Thus; the
wakes are a manifestation of the resistanée offered by thé
still watér to the deformation ;aused by the boat's hull;
The eérliest studies of the wav¢s cadse§ by ships were
conducted from the vieﬁpoint of how waves effect the
resistance of a.ship (Froude, 1881; Kelvin,‘1887).l More
fecently, attention has been devoted to the relation between
Shib waves and the stability of banks on tﬁe_waterways.
fhroﬁgh which the boats passr(Johnsdn, 1957; Das, 1969;
Sorenson, 1967). |

The pattern of waves in a boat wake depends partially

on the value of the Froude number "F"* (which is the ratio

- *The Froude Number is not directly measurable, but
represents the ratio of two.variables which often become
"lumped together" in theoretical wave-enerqgy equations. The
Froude Number "F" is the ratio of the boat speed "V " and
the speed "C" of a wave in shallow water. The wave speed is
in turn a function of the basin depth "d", since C =
("g" is the acceleration due to qrav1ty, " = 32 feet/
sec.?2). So... Froude Number "F"= / Jad.

: 8-1




between the boat speed'"vs",'ahd the speed‘"c" of a wave
in_shallow water). Eoth the Froude number and the confiqu-
ration of é boat hull influencé the maximum wave height
which will be experienéed at a given distance from the
séilinq line of the boat.: | |

A dispiacement hull will generate a seties of waves at
the bow and stern (Fiqurg 8.1). At values of "F" below 1,
the wave pattern in the vicinity of the boat, toqgether with-
the maximum wave heiqht, can change fairly dramatically as
.the wake traVels away from the boat. Each set of waves |
produced at the bow and stern inciude a series of waves
diverging from the sailing line and a series of transverse
waves which move in the direction of boat passage. The
intersectioﬁs of tHe transverse and diverqing waves are
points of higher wave héiths where breaking waves are most
likely to occur in the wake,

. These "cusp" locations may be connected to form a locus:
of cusps which define an . angle "¢g" which the wave front
makes with the sailing ;ine (Figure 8.1). The theoretical
developmentlof Kelvin (1887) predicts a value of # = |
19°28' for Froude number values less than 0.7 and for values
greater than about 3. However, for intermediate "F" values,
the angle "@" approaches a maximum of 90° when "F"=1. At

this point the transverse and diverging waves combine to-

opposite: Figure 8.1 (top) Schematic_draﬁinq of waves
generated by moving boat.

Fiqure 8.2 (bottom) Definition sketch of boat -
~wake packet. o
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s

‘form a sinqle wave with its crest normal to the sailing

line.

»Besides_the'anglelﬂ, the maximdm wave height (énd
fhus total'enérqy) in the wake wave fpacket“ varies‘with
the Froude number.. A tYpical boat-wake wave packet is D
ghown'schematically in Pigure .8.2, ,Witbin thé packet
there is a single wave with maximum,height. Results of

some experiments with boat models in a towing tank

(Johnson, 1957) are shown in Fiqure 8.3 to illustrate the

nonlinear behavior of "Hp,," with Froude number "F"..

After passing the critical value of "F", the values of

fﬁmax" tend to approach a anstant value.

Field Measurements of Controlled Boat Passes

The experiment was conducted at Site C (Broad Creek),
using boats operatéd.by the Maryland Department,of
Natural Resources Marine Police. Two boats wére used: a
26 ft. Uniflite.cruiser (Mariné Police boat "Somerset"),
and a 16 ft. Boston Whaler. The Uniflite is a deep-V
pianing_hull,while the‘Boston ﬁhaler is a 3—§oint planing
hull. Replicate passes were made at distances_of 200,
150, and 100 ft. (also 50 ft. in'the case of the Wﬁaler)

from the shoreline for a range of speeds between 6 and 30

opposite: Fiqure 8.3 (top) Maximum wave height as a
- ' . function of Froude Number for typical ship
model (Johnson, 1957).

. Figure 8.4 (bottom) Typical record of boat
| waEe passing the wave gage in shallow water,
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knots. Boat Speed was determined by‘measuring the time for
‘thé‘boat to travel between two buoys anchored 100 ft. apaft.
The surface wave qéuqe.(described in Appendix A) was located
approximately 24 féet from the shoreline'in-a water depth of
about 2.2 feet. With very rare‘éxception.none of the waves
in the generated trains broke seaward of. the wave gauge.
positioﬁ. A typical wave record'produced during the trial
funs is sﬁown in Figure 8.4, .

N The results of the experiment are shown in Tables 8.1
and 8.2. 1In these calculations several different parameters
are of interest. Tﬁese are:

= the highest wave of the grOdp

"Hpax' t
(measured in feet).
"p" = the average wave period (defined as

the number of waves divided into the
duration of the wave packet),

"E" = average enSrgy per unit surface area
(ft-1bs/ft2) '

(X uim)l/,

— 2 "s L
= % /ogﬂrms' where "Hpopg
' i =1,2,....N
"Eq" = total ene;gy in‘wave train
(ft-1bs/ft*) - -
= % /99NH2rms

CFT = 1,667 Vs/,/gd for boat speed‘ln knots.
The results of the trial runs are graphed in Fiqures

8.5 thru 8.12. 1In the plot of "F" versus "Hp,," (Fiqures

8.5 and 8.6), there is an apparent peak in "Hpax' at

values of "F" between 0.8 to 1.0. A definite relation of

"Hpax" to the distance of the boat from the shore is also



N N .

apparent, and this relationship is strohqer’for the
deep-V hull. Fiqures 8.7 and 8.8, which are of boat speed

versus "Hpay", offer a'simpler"illustration of how
"Hpay" Varies with different boat speeds. As expected,
. the deep;v hull of the 261f£. cruiser génerated'the larger
waves. The largest “Hmax" bccﬁrfed‘for Speeds between 8
'and 10 knbts when the cruiser was in the displacement mode}
and the "Hmax“Avélues ranged7betweén 1725-and 1.75 ft. for
the distances tested. Thése values far exceed those which - ;_
were expected for wind-generated waves.
It is of interést.to note that the devendence of.

"Hpax" (Or energy, Table 8.1) upon boat speed is hiéhly'

" varies in

nonlinear. For the circumstances tested, "Hp,x
a nonlinear fashion with the inverse of speed. The "Hp,,"
for the Uniflite'chiser decreésed as the-boat:gpeed was
increased beyond a "critical" value of 8 to 10 knoté. In
the casé-of the 16 ft, planingihull of the Boston Whaler,
the ﬁcritiéal“ speed occurred between 6 and 8 knots when the .
Whaler was in the displacement_mode;'

For distances of 100 to 200 ft. from.the'shoreline, the’
data in Fiqure's.s show there is little dependence for
éitﬁer the Whaler or the Uniflite Cruiser between ”ﬁmaxﬁ'
and the_distance of the boat from shoré; However, at the.

"

closer boat passes of 50 ft., the range of "Hp.. " is

dramatically increased. Again the nonlinear dependence of

next pages: Tables 8.1 and 8.2 Summary of observations of

controlled boat passes.

8-7



n : " — — — — —— —— - [ ] ] ] — ] ] | ] L | __§

3T € = 37 0§
‘33 0T = 33 001
'33 2T = 37 061
I ET =

37 00z 3® uyadep a3y

28e8 anem jo piemeas 3sen{ aNoi1q Iaem 3sa8aeq

¥
1570 1°2 9° 8T 711 9z°1 9L°0 6 001 1°9 69 g3
750 91 LT <6 0" 1 1L°0 6 00T 8°S  9°9 vg
L6°0 €'¢ 861 8Y° Y 80" L 7E°T 9 © 00T P°0T  .8°T1 €€
06°0 ¢ €8T . 00°¢GY 0S¢ 9€° T 9 00T L"6  0O°TI 2€
¥9°1 0'T 0°81 2987 81°¢ L0°T 6 00T 9°LT 0°07 1€
18°1 2z 861 62 %€ 18°¢ y1°T 6 00T 7 6T 02T 0¢
AN/ 'z T°9T 8T°12 £5°¢€ 960 .9 001 079 9767 67
zh° e 22 6721 9522 9L°¢ €0°T 9 00T 0°97 9767 8T
1570 91 €6 ZT°8 [t 1 TL°0 9 05T 0°9 89 T
8%°0 1 0°6 8L°9 €11 09°0 9 0sT 9°¢ %°9 9z
88°0 6°Z %97 9€ " 4§ 09 €21 6 0sT v°0T 811 ST
20°1 5z A4 $z'8¢ €Ty 86°0 6 0sT 0°¢T  9°¢€T Y7
1L°0 Lz 0°0¢ 401§ 49"y 85°1 1 0ST v'8  9°6  xv€l
31 €2 A4 68°2¢ 66°2 96°0 1 0ST T°8T  L°0T  wxll
€51 7'z 9°1Z 279t 80°% AR 6 0ST 2'8T  L°0Z  xxT2
€z 0°2 6°€¢ £5°81 60°T 69°0 L1 0sT € LT 0°T¢ 0z
£9°2 2'z__ 8'Lf _20°81T -~ 90°1 _19°0 LT 0ST- 9°82  ¢°Z¢ 61
190 U £ 9 10°6 €50 TL0 1 002 'S 69 8T
$%°0 L't 282 9T°8 8%°0 9¢*0 L1 007 'S €79 {1
70" 0 0°¢  0°s¥ €9°0L LY 18°T ST 002 0'6  7°0T 91
2970 2 1°8¢ AT L2 0e°T ST 00z 9°L  9'8 ST
991 z°z 1°1y 6792 1 $8°0 6T 002 94T 00z 4T
69°T £z 0°6¢ AR X/ 9€°T %40 LT 002 L°07  §°€T €1
€2°2 z'z - o'ce 0z°9T ~ 80°T 850 <T 002 €Lz 0°TE. Tl
70°2 €z - 7w SEo9T 60° T 850 ST ¥00Z 6°%C  v°8C 1
mﬂmmw4wm‘>v (998)  (9e8) 3 Amuu\mﬁ CE) B G FY (TS F ) B ¢ MMV sonvn (-33) TS300  HaW

d . 1 uoglRINg g q v H Jo 1aquny 2oue3lsfq @ paadsg uny

198TNa) unwmawﬂcb 33 97 :suoyIBAIASqQ Jo' Aremmg {°g @1qel



19 s 193BmM YITm

x

90" 9'T = %°€C 08°L zs°0 woy". ST 0% 6°€C T°LT  wSE
£0°C 6'1 9°0¢ s ¥€°0 Lse” _ ) S © 0ST 6°€Z 17l W%t
69°1 9°1 162 %6y 92°0 A0 61 00Z L0 S°ST  wE€
20°1 2'¢ 9°0¢t 09°¢1 06°0 6SL° 1 0% €9 1L it
ET°T N ¢ 1€ 60°2T £€6°0 1 €68° €T 0s L9 971 1€
0,1 8°1 A} 9L ¢ vy 1 LeL” Y 0S 0°0T ¥°TT o€
{354 S'1 0°9 02'S 0g°1 0L9° Y 0$ 0°ST  0°LI 62
80°% L't V'8 $9°¢ €L°0 9yh* : S 0s 0°%Z €Lz 82
v9°1 AN 66 A 91 18L° [ . 0s c'8 L6 (1
69°2 9'T £°9 ¥8°9 LT 65L" . 2 0s 8°ST  6°LT 9z
98" ¢'T 0'9 02°€ 08°0. 16Y° v 0 9°87  6°z¢ ST
—69°0 g1 [ (1 00 1T 0T T ICH 01 001 0°L 6L T
IS°0 6'T § 0z A 7°0 69% 11 00T $'¢ 29 €2
£6°0 9°1 7' 91 0L'8 £8°0 T6% 0T . 00T 0°0T #°TT 44
780 0'2 § 6T 00°0T 00°'T £1s” 01 00T 0°6 7°01 12
€61 L1 €8T oY 07°0 LS€" 11 00T L°0T S°€T 07
0L 1 8T L°LT oS ¥5°0 oy 01 00T Z°8T  L°02Z 61
9972 91 6°12 07°¢ 07°0 892" .91 00T 9°87  §°T€ 81
6L°C LT 861 L't 1€°0 AL A 001 0°0€  T'%€ (T
8% 0 vl 0t 09°G 96°0 697 01 0S1 'S S'9 91
9%°0 A L1 0L°€ LE°0 Ls¢* 01 0ST v's 79 €T
1L°0 0'2 672 %2°6 99°0 z0%° 9T 0sT 7°8 96 41
00T 12 6°0¢ $z'8 $5°0 89y’ ST 0ST 81T  %°€T €1
§9°1 81 2°1¢ €67 62°0 - Z1E” L1 0sT 76T 0°22 21
56" 1 L1 9.7 79' g %€°0 geg” 9T 0ST z°8T . L'02 1
z€°7 L1 § ve zs'¢ 91°0 €2z oz 0T €L 0°I¢ 0T
2€°2 6’1 6°€€ 0 € S1°0 9%z’ 44 0ST €47 0°IE 6
050 91 00t 96 Y 920 062" _ 61 002 . T°9 69 E
£%°0 9'1 €9 0S4 0€°0 AN ‘ ST . 002 L's 9 Y
$8°0 1°2 9 gy 8L°0T 69°0 949 o TT 002 70T 8°TI 9
69°0 8T AL 9€°8 8€°0 gee” 44 002 v'8 96 S
88°1 LT - 9T LS €2°0 062" . 5/ . 002 0°€Z  2°92 Y
67" T L1 £°9¢ YA $T°0 062" 12 . 002 z°8T  L'0C €
vg° T L'T 0°8Y 61°¢€ T1°0 102" 6T 002 9°87 "¢ 4
70°Z L'1 89y 80°¢€ IT°0 - 6LT° 8¢ 002 0°6Z '8 T
33/q1-33) (,33/ai-3 0 ( , .
T(S300Y OF ) (998)  (998) 1 (33 LM 13 3374139 ( MMV N, a3y SI6T HAW
d I uofieang q q H 3o xsquny 20oue3sTq pasadg uny

I9[eyM uoisog °3F 9T "wcoﬁum>ummno 7o Zaemmng '8 °T9el



"ﬁmai" and‘diStance is shown, although "Hﬁax" for the
Whaler approaches a constant value beyond the “critical"
speed more quickly than in the case oE.the deep—v hull.
This-is no doubt due to the fact that the planing mode is
achieved at lewer speeds in the Bnston Whaler than in the
Uniflite Cruiser.

Since the principal concern of this study is the
magnitude of energy reaching the shoreline with each boat
péSstpiotsfof total wave energy "E" 1in the respective wave
packete’is shown as a function of the Froude Number "F"
(with distance as a parameter) in Figures 8.9 and 8.10.

The results .presented abeve show therelis a strqng
nonlinear relationship between "F" and "Hpay", 55'i£ is
not surprising that a similar nonlinear relationship exists
between "F" and total wave packet enerqgy at the shoreline.
in the Ease of the deep-V hull (26 ft.'Unifiite cruiser)-
there is only a slight suggestion that wake energy is

dependent upon the distance from the shore for any given

speed. In the case of the Whaler, only those boat passes at

the 50 ft. distance show clear separation in their wake
enerqies. Part of the reason for_a reduction in wave enerqgy
from boats passing at greater distances from the shore is
tﬁaf the number pf'waves_in a packet_depenas dpon distance.
For_e#ample,ATables 8.1 and 8.2 show that waves genefated at
close distance for any given speed contain higher waves but

fewer in number.
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It is important to note that the peak values of "Ep"
and "Hpay" in Figures 8.9 and 8.10 lie in vicinity of "F"
= 0.8 rather than the theoretical value of “F" = 1. This
obsefvatioﬁ is consistent wiﬁh the results of similar
experiments with the wakes of larger-hulled craft feported
by Sorenson (1967). |

Three runs were made by the Boston Whaler with a water
skier ih tow. Thié condition was tested to see in a
preliminary way whether the effects of the skier's weight
would cause the planing hull to “squat* and thereby generate
larger "ET" in the wake. The plot of "Eq" versus "P" |
(Fiqure 2.9) doés not clearly distinguish a difference.
However, a plot of "ET“ versus boat speed (Figure é.ll)
suggest . there may be an effect, since two of the three runs
do show values for "Eqp" which are-highér than the general
trend While these few runs cannot be considered to display
a truly significant dlfferonce, the results do suggest that
the effect of Water‘sklers on boat_wakés should be e#amined-

further in future ‘tests.

The most important observation to be drawn from these

experimental boat runs is that maximum values of

next pages: Figqures 8.5 (upper left) and 8.6 (lower left)
Variatlion 1in maximum wave height "H ax as a
function of Froude Number with - dlstance of
passage as- a parameter.

Figures 8.7 (upper right) and 8 8 {(lower right)
Variation in maximum wave height "Hp,." as a

function of boat speed with distance of nasssage
as a parameter.
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wave heights (and wake enerqy) are generated fo;°Froude
numbers in the range between 0.7 and 1.0. Since the Froude
number is dependent ubon water depﬁh as well as boat speed,
those boat speeds which generate maximum wakes will vary
with different water depths in different waterways. Table
8.3, which lists the various Froude numbérs arising from
Aifferent combinatioﬁs of boat speed and water Aepth,
provides a simple illustration.of what might be éxpected for
a variety of "typical“ coﬁditions. For example, suppose a
boat was travelling at ; steady speed of 6 knots while
running up a creek in which the dépth decreased from 18 f¢t.
at the mduth to 4 ft. near the head. During the run-the
Froude number would be small near the mouth ("F" = 0.42 to
0.56, respectively, for water depths of 18 ft. and 10 feet)
and relatively small wave heights would be qenerated'in the
wake. But, when the boats reached depths less than 6 feet,
the Table shows that maximum wave heights would be
generated.

Table 8.3 can also be used to show the effects of
another kind of boating péttern. Consider a creek where the

water depth varies from 10 feet at the centerline to 2 feet

opposite: Table 8.3 Froude number for different
"combinations of water depth and boat speed.

next pages: Figure 8.9 (upper left) and 8.10 (lower left)
Total energy in the wave packet as a function of
Froude Number with distance of passage as a
parameter.

Figure 8.11 (upper right) and 8.12 {(lower right)
Total energy in theé wave packet as a function of
boat speed with distance of passage as a

‘ parameter. '
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near £he bank. A boat travéllinq the cehterlide at aAsteady
speed of.6 knots wcdld have a low Froude , .number (0,56)
and émall.wake. The same boat travelliﬁg ét the same speed
closer té the shore in water depths of 6 feet or less would .
be in the Froude number range between 0.7 ;nd 1.25 and would
be generating a maximum Qake. o
Table 8.3 does not, unfortunately, allow for the
prediction of“the magnitude of thé wave energy reaching the
shore. The absolﬁte magnitude of wave energy in any wéke
would dependlupon,hullrchéracteristics ahd the slope of the
nearshore bottom, toqéther with.the boét spéed.and water
depth where_the boat passes any_particular-Shoreline site,
But, Table 8.3 shows that distance from shqre is important

in producing the wake in any specific boat pass.

c. Suspéﬁdéd Sediﬁénts Resulting from Boat Wakes

Besides meaéurinq.waké characteristics in some trial
runs, other data were colle;ted-at Siﬁe_c,toigive a very .
preliminafy‘idéa of the ihcfease in suspended sediment
;shociatéd with breaking wavés»in boat wakes.aionq the
shoreline. - For thisvgxperiment, the Uniflite cruiser
.travelling‘at a speed of approximately él kﬁqts méde
repeated passes 200 ft. offéhore, and samples were téken
after the breaking of the lst, Sth, and 10th wake packets.
The water in the nearshore'was also sampled prior to the

passage of the boat and again at the end of all of the

g-18
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passes of the Uniflite cruiser. The samples were collected
by immersing one—quatt jars. about 5 cm. under the water

surfac¢ immediate1y after the last wave in each packet broke

~on the shoreline profiles. The water samples were filtered

through prg-weighed O;GIunlNuclepore filters. After
desiccation, the filters were reweighed to determine_total,
weight of suspended sediments. Then the samples were
cémpleteiy'combusted to ob#ain the percent of organic
material. |

The results are shown in Table 8.4.

Table 8.4. Suspended Sediment Concentrations

_ Total Percent
Run : Time = Concentrations Organic
1.) Ambient 1045 EDT 0.0053 grams/liter 35.7
2.) 1lst Packet 1125 0.440 - 20.3
3.) 5th Packet 1127 ' -0.120 21.8
4.) 10th Packet . 1130 -0.330 . : 23.2-
5.) End of Passes 1407 0.081 14.3

Due to a relatively high stage of the tide when the
Uniflite runs were conducted, bteaking waves extended across

the entire foreshore, and the swash impinged against the

"bank scarp at Site C (Figure 4.17). Table 4.4 shows the

foreshore sediments at this sité are compqsed principally of
sand with only a few percent of silt and clay. Yet, the data
in Table 8;4 show that the'breaking_waves_resultéd in an

enhancemént of the_short—term load of suspended maferial‘by

more than two orders of magnitude over the ambient level. -




Inspection of the filters showéd_mostiof the material
supsended by the boat wakes was clay and silt, but some of
the organic materiél was observed to be bﬁoyanﬁ detritus,
This increased émr;un_t of suspended sediment could come from
' either_thcvbottom sediments in thg nearshore, or from the
bank scarp thch was within the range of tﬁe'wake swash, - It
is interesting to note that once the first boat bass was
made, the ‘data show no-tendency towards'hiqher or lower
concentrations of suspended sediments with an increasing
number‘oﬁ boat passes. So this one set of trial runs with.
the UniflitéQéfuiser_principally demonstfates that boat
Qakes,breakinq,qlonq the Shoréline can increase,ﬁhe short
‘term con'(.:entratio-ns of»suspe_n_ded sediment;s in the nearshore

zone at Site C.
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IX

DISCUSSION, CONCLUSIONS. AND
~ THOUGHTS FOR MANAGERS.

Robert J. Byrne, John D. Boon, III, .
Rhonda Waller, and Deborah Blades

Discussion

This study presents four lines of evidence which

when‘considered together, provide the basis for inference
as to the role of boating activity as a cause of fastland

‘erosion along the tidal shorelines.of small coves and

. , \
creeks. These are: '

1.) Direct observation of the fastland and beach
: changes at five sites in Anne Arundel County
over a one-year period.

-

2.) Estimates of the wind-wave energy throughout
: the year and that due to boat wakes during the.
boating season at the five sites.
3.) An inventory of the boating characteristics at
five sites reported as having heavy boating
traffic. : oo
4,) Field observations at one site of the wave
- characteristics generated by controlled boat
‘passes at various speeds and distances from the
shore.
The purpose of this chapter is to integrate these
findings and thereby offer an inte:pretatioﬁ of the rnle.
boating activity plays in fastland erosion at the tidal

shores.

Point 1. Discountinq the effects of Tropical Storm

David, the direct observation of'fastlandvchanges at the

five sites (Chapter IV) indicated that only at Site C, in

a narrow waterway, wasfthere siqnificant:fastland retreat

ddfinq the boating season. The question naturally arises



. as to whether comparable behavior of the fastland at the

N

five sites wduld\haVefbeen observed in other one-year
. periods, Tq addresé this we must béar'in mind that the
total erosion resbonéé is a combination of that induced
by wind waves plus thaf induced by boét-wake wavéé. The
magni;ude of the.wind—wave.eﬁerqy wiil vary somewhét
ffom yéér‘to year as.a function‘of‘gross weather ’
: pa££epns‘and stéfm activity. On the other hand there is
_né:reaséﬁ,tq asﬁqme that the boating activity during the
1979'boating seasoh was atypical of averaqe'cohditions
overireégnt years. Thus, between years we expec£ the
itétal wave energy to be a combination of a constant
cpntributionfdue to béats and a variable contribution
due’ to wind waves.
. More ?irectly, the fas;iand response is dependent

‘upon the frequency of stérmvactivity which'may fluqtuate
cqhsiderably from year. to year. Observations for a’
4Sevéraléy§apAperiod-wﬁich‘inéludes this. variability in
sﬁorm activity would bé required to estimate the' |
“aVQrage" erosion response due to the total wave energy.
A hypothetical case will illustrate the point. Suppose
"at é given si;e boat-wave enerqgy was-reéponsible for a
fastland recession of 0.25 ft.‘every.year but because of
variation in storm activity the total yeariy recession,
err.a-¥6uf year period,; was 4 ft., 3 ft., 2 ft. and 1
- ftl respectively. The yearly percentage of recession
.due to boat wakes wouldfthen be 6, 8, 12, and,25%v

‘respectively. Over the four-year period the total

i e, 0 ——— ] r— fhaan
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recession would be 10 ft. with 10% due to boat-wake-

energy. Thus in any given year there could be

_appreciable error in estimating the level of erosion

attributable to boat wakes.
In spite of the fact that the observations were
conducted for only one year, certain inferences can be

drawn about the four sites which showed either no erosion,

.or where the response during the boating season was very

slight. Storm activity during the observation year was
relatively slight. No major northeast storms with a
strong storm surge occurfed (the.effects of Trbpical
Storm.ggzig which occurred neér the énd pf the‘period
will be discussed separately). This being the case, the
contribution of erosion from_boat:wakes would be
ampliﬁied'relative to a'year_with high storm- frequency.

_Thus_the:results showing negligible impacts due to

~boats at four of the sites indicates that, in general,

boat wakes play a relatively.minpr role in the total
erosion process at those sites. .The same conclusion
would apply for Sites with similar physiogfaphy; bank
compositiqn,,fetch, and boating activity;

| The tﬁo sites wiﬁh bluffs, Sites B and D, warrant

special discussion. The principal fastland modification

~which occurred was slumping in winter and early spring

and reduction of that méterial by wave action. The cause
of the slumping action was likely percolation of
grqundWa;er,_and'surface_runoff during freeze thaw

cycles. By late May much of the material in the slumps



had beén>suﬁectedfto wave action and was displaced.

There is no reason to_assumé thaﬁ.all_slumping activity
is confined to the winter and sprinq. Had slumping occurred
in early summer then we ﬁust assume that the combined
wind-wave and boat-wake actionrwould have dispiaced some of
‘these materials. In shch‘circumstances_it would be
reasonable to attribute a fraétion of the erosion to boat -
wakes. Héwever, as fable 7.2 ihdicatés} the boat¥wake-
energy‘apﬁears.to'be a felatively smali pércentage of the
wind-wave energy (3.6% at Site B and 8.4% at Site D). Such
being the'éase;.attribution of erosion to boat wakes would.

be rélatively small.

Point 2. It was previously indicated that only at Site

'C was there'significant fastland retreat during the boating
season. Site C, on Broad Creek, is on a narrbw.channel.(ﬁoo
ft. width)‘with a relatively steep nearshore-qradieht; Two
of_thé three profiles showéd,fastlénd retreats of 6.8‘feet
and 5.2.feet‘(Figufe 4.19), sSite C received the highest
amount_of boaf—wake energy of the five sites. As well,
boat-wake ehergy accounted for a substantiallflhigher
fractioﬁ of the tétal waQe éhérgy (Figuré 7.7) at_Site C
than at the-other‘sités. |

It is of.particular interest to compare Site C andisite
B whiéh'has‘a similar nearshore profilé, but a wider and |
Shallowér channel. 'The current nautical charts SHOW a MLW
depth of 12 féeﬁ'near Site C and 8 feet near Site B. The
two sitesiréceifed abqut the same windfﬁave energy
throughout.the year and during the boating season. Site C

)
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was exposed to about 5 times more boat-wake energy than Site

'B. Inspection of the boating characteristics (Table 6.2)

shows that the ﬁwo sites were very similar with respect to
average- boating fréquency, speeds, boat.lenqths, and hull
types. The striking difference between the boating
characteristicé at tﬁe sites is the distance of bassage from
shore..‘AtvSite B, 80% of the bhoat passes oCcurréd at.
distances greater than 500 feet, while at Site C 80%
oécurred at distances less Ehan 200 feet from the shore.
These results illustrate the importance of distahce of
passage ih_controlling‘the level of boat-wake enefgy at the
shore.

The physical setting at Site C, the hature of its
fastland, and thé low.sand supply from adjacent féstland are
all conditions_conducive.tq erosion in the presénce of wave
action. The site is é low terrace composed of
uhconsolidated sand_énd gravel capped with a very thin
‘marsh. ‘There is evidence that the site is,at least_
partially composed of fill,material._ More important
however; the site repreSgnts’a”transiﬁion‘point where Broad
Creek widens, and very little sand is supplied to Site C
from the fastland alonq the. shoreline, Thus the erosion of
the beach is not ihhibited by the addition of sand..

Point 3. The fastland response ét Sites B and D to the
passage of Trbpical_Storm David iilustrates the relative
impor;ance of extreme events in the eroéion brccess_of

bluffs along tidal shorelines. At Site D. the combined



effects of the:storm éurge {estimated 2.5 ft.),»ana'wave
action generated by the southeasﬁ wind, resulted in
fastlaﬁd retreat throughout the year including recession of
the biuff’face itself. - Howevef, at Site B; which is more
protécted from wave'action‘from the southeaét, the steep
bank showed no response ﬁo the storm'passaqe.'

B. Conclusions

This study indicates that a significant contribution to

the total wave eﬁergy (and potential erosion) from boat
wakes is likely only when there is a high frequency of boat
passages close to shore. ‘While there may.be‘sevepal
circumstances wherein boats pass close to shore, the 
greatest relative impact is likely to occur in narrow creeks
where the channel width: forces passagé within ﬁ&o or three
hundred feet from the shore. Since wind-wave activity is
likely to be suppressed in narrow creeks,.itvis under these
circumsfances that a high frequency of boat_passégeé.woﬁld
generate a large portion_of the total wave energy;' But it
is not likely that further studiés at étherbsites in Anne
Arundel County would show boat wakes contribute more enerqy
for eroéionithan wind waves. -

The:level of fastland erosion response depends upon the
nearshore depth Qradient, the.comﬁosition of the fastland,
and" the supply of littoral éands,from the adjacent
shoreline. The éonditions-most’susceptible to érosion wouid
be the combination of an,éxposgd point of land composed of
highly-erodible material such‘asfsand énd gravel with a

steep nearshoreAgradient. The site which had the greatest
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change in the shoreline profiles (Site C) possessed all
these factors. Experiments with controlled boat passes at
Site C indicate that for a given water depth the amount of

wave energy generated depends principally upon the boat

'speeds. At low boat speeds the wake energy is quite small,

At intermediate speeds (7 to 10 knots) the wave energy was
maximum. At higher speeds the wave energy again decreases.
The magnitude of the wave energy as a function of distance
was of secondary importénce for the conditions tested (50‘to
200 ft.). The role of thisvparameter would be more ’
important at larger distances.

The resuits of the observations at Site C can be
generalized in terms of the Froude Number (broportional to
the fatio of boat speed'to the sdpare.root of water depth).
Maximum wave'energy occurs 1in the Froude number range of 0.7
to 1.0 with enhanced wave energy in the range of Froude
nuﬁber values of 1.25 to 1.5 (Figqures 8.5, 8.6, 8.9, and
8.10). Inspection of va?ious combinations of boat speeds -
and water depths (Table'8.3) indicates that a boat speed of
6 knots would generate near-maximum wakes wheﬁ the water
depth is less than 6 féet. A boat‘speed of 8 knots in Qater
depth ranqiné between 10 and 4 feet would gene;ate_maximum
or near-maximum wake, Boats travéliing.ét 4 knots, on the
other hangd, woula not genérate their highest wakes except
when in water depths of_2 feet or less.

For the range of depths.frequently found in_narrow
creeks fringing the shores of Chesapeake Bay, three
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particular conclusions may be drawn:

1.) Boats reducinq speed to conform to the speed
limit pass through the speed range which
generates maximum wake.

2.) If the approach to the speed control arga is
within a narrow creek the shores adijacent to
the approach zone will be exposed to the higher
- wake energies noted in 1.

3.) Boat operators underestimating their speed by
: only a few knots while in a speed control area
could generate a near-maximum wake whlle

transiting the waterway. :

C. Thoughts for Managers

Three points which would mitigate the potential
erosion impactS‘due to boaté are offered for'consideratiOn:

1.) The study shows that depth conditions exist in

some creeks wherein maximum boat-wake energies are generated

close to"the standafd_G knotespeed limit. The results can
be used to estimate the speeds at which maximﬁm wake is
generated for various water depths. In SQme cases a
reduction of the speed limit would decrease the
unintentional generation of maximum wake.

2.) Since‘beats>approaching a speed-control zone will
pass throuqh the speed which generates max1mum wake as they
sloy from hlgh,speed, the speed-limit signs should be
placed, when poésible, at locations where the creek is so
wide that the wake energy can dissipete before reaching the
shore. |

3.) The study indicates that the greatest po;entiel

for erosion- impacts due to boat wakes is to be expected

ke
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when high frequency‘boat passagesAoccur Qithin a few huﬁdred
feet from the>sh0te. Restrictions in such areas would- :
reducé“the‘potential for shore erosion.

Recommended Fuéther.Studies

i

The present study indicates that it is in narrow creeks:

and other circuﬁstgnces wherein boats pass close to shore
that £he hiqhes£ potential for boat-wake erosion exists.

The question then naturally arises, "How close to the shore
can boats pass without cauéinq the significant wake energy
at the shoreline?" The comparison between twé sites, one of
which showed dramatic erosion during the boating season and
the other vefy little, provides a partial_answer.' The two
sites had similar boating characteristics with respect to
frequency, hull siées, and speed. The only major

difference was the distance from shore at which passage
occurreéd. At the Broad Creek site (Site C); where erosion
occurred, about B80% of the traffic occurred within 200 feet
or less from the shd:e. In contrast, at the Goose Iéland
site (Site B) about 75% of the boat-passes occurred at
distances gfeater_than 500 feet. :Consequently,_the wave
enerqy at Site B was bnly about 20% of that experienced at
thé Site C. Thus it appears that pagsaée distances of at

least 500 feet are required to appreciably reduce the level

of wake energy at the shoreline,
Further observations of controlled boat passes over a

wider range of distance from shore would permit a more



accurate determination of the creek width necessary.for:
negligible wake enerqgy at the shoreline. The controlled

~ boat passes'COnducted in the presenﬁlstudy covered thé range
of distances from 50 feet to 200 feet‘at a single site.

This range should be extended to at least 500 feet,‘ In
addition other sites withvconstréstinq‘depth gradients
should he added to the-data set. As well, the range of hull

lengths and types, could be extended.
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APPENDIX A

HOUSE JOINT RESOLUTION No. 40

A House Joint Resolution concerning

Anne Arundel County -- Small Creeks and Coves'

FOR the purpose of requesting the Department of Natural
Resources to design and undertake a study to
determine whether continuous high-speéd,boat traffic
is in fact detrimental to small coves and creeks

along the Ande'Arundel County coastline.

WHEREAS, The Anne Arundel County coastline is highly
indented, and the tidal water indentations form shallow,
narrow creeks with highly erodible shorelines and fragile

biological ecosystems; and

WHEREAS, Continuous high-speed boat traffic may have
an injurious effect on the smalllcoves and_creéks;'now,

therefore, be it

' RESOLVED BY THE GENERAL ASSEMBLY OF MARYLAND, That
starting this year, the Department of Natural Resources
is hereby requested to desigﬁ and undertake a study to

determine:whether:continuous high?épeéd boat traffic is



in fact detrimental to small coves and creeks; and be it

further

RESOLVED, Thét éonsideration shall be given to
cloﬁing aﬁfleasﬁ one cove or creek in Souﬁh, Severn, and
Magothy Rivers at all ﬁimes to vessels operated at a
speed ih,exceés'of éix-(ﬁ) knots, for such a period as
required to .facilitate the scientific study; and be it

further. .

RESOLVED, That the Departmeﬁt qf Natural Resourées
shall submit an interim progress report to eaéh‘member of
the House Environmental Matters Committeelaﬁd the.Senaté
Economic Affairs Committee anhua;ly starting 1977,.ahd
the ‘report shali’be'made available to. the public. A |
final report'summarizing the results of the study shall
be submitted to the General Assembly not 1ater.than the
1981 Session, and shall be made available to the public;

and be it further

RESOLVED, That copies of this Resolution be sent to

The H6n. James B. Coulter, Secretary, Department of

Natural Resources, Tawes State Office Building, Annapolis

Maryland 21401.

1
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Appfoved:

Governor.

Speaker’of the House of Delegates.

President of the Senate.



APPENDIX 8

WIND-GENERATED WAVES

Deborah Blades, Rhonda Waller,
Thomas Burnett, Michael Perry,
Tristina Deitz, Mark Alderson

A. Iﬁtroduction
| This appendix presents a summary of the wind-
generated wave heights which were observed at the study
sites. These measured wave heiqhts were used to produce
site-specific estimates'of,the wind-wave enerqgy budgét
during the year-long period of-observations. There have
been seQeral pfeviéus studies of wavé generation by‘winds
in shallow coastal waters, (Johnson, 1948, 1§50; Kinéman,
1960; Harris, 1972; Seymour, 1977; and Thompson, 1980),
and several mathematical models already exist to predict
the charateristics of waves (height ahd period)’if.the
wind speed, duration, and fetch are known. Two examples
of these are shown in Figure B.1.
These models.are helpful fgr forecasting general
wave conditions in maﬁy areas. But,‘physical oceanog-

raphers and mathematicians continue to discuss which

Opposite: Figure B.l (top) Growth of:waye height with
time and distance from the upwind edge.of a
fetch (after Sverdrup and Munk, 1947).

Figure B.l (bottom) Forecasting curves for.
shallowy water waves in a basin with constant
depth equal to 5 feet (from the U.S. Army
Corps Shore Protection Manual, 1973).
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theoretical approach should be useful to produce the §g§£
description of how waves are generated by the wind
blowing across the sea sdrface (Kinsman}_1965; Plate, et
al, 1969; Wu, 1972;); As Figure B.1l éuggests, none of
the existing information is very useful for predicfinq
the wave‘heiqhts which could be expected at the study
sites described in Chaptef iv,'since none is particulafly
sensitive to éither the range of basin depth or the range
of fetch which are present at.the study sites;

In this absence of adequate theoretical models, -
empirical sitéwspecific windéwavé,energy‘hodels were
constructed by making wave obser&ations at the study
sites under different wind conditions,. _Since wind
dpration is a factor in wave height, three such modéls

were constructed for each site corresponding to short-

- medium~ and long-duration winds. Monthly budgets of

wind-wave energy were then developed for each site from
these wind-wave measurements. '
Methods

Throughout the year of study (October 1978-October

1979),'measurements of wave characteristics were made at

each of the study sites;'_These observations included:

o Wave Height - an observer visually measured wave

heights at the pointé where the waves broke in

opposite: Figure B.2 Portions of the continuous .
meteorological record collected at the United
States Naval Academy gauging station in
-Annapolis.
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nearshore or on the beach using a graduated staff.
Munk (1944) has fouﬁd that the avefaqe height of
waves so estimated by an ohserver is about equal to
the averaqejhéiqht of thev1/3.hiéheSt waves. Thié_

has been defined as significant wave height.

o Wave Period - An observer timed 11 successive wave

crests with a stop watch. This was repeated three
times and the average wave period was calculated,

o Time of Day — measured with a watch.

o Wind Speed and Direction - an observer placed a

simms&hand;held annemdmeter (model ss) one meter
above the water surface and noted the approximate
duration oquuSts as well as the dominant wind speed.

Wind direction was measured by a compass.

The local wipd record that was selected for use was
taken from the meteorologidal station at the U.S. Naval
Academy at Annapolis (Figure B.Z) which is located within 3
miles, 5;5‘Ti195r»4ﬁﬁ miles;\1.7 miles, and 6.8 miles of
study sites A-B respectiveiy. When - the wind velocity at the
Naval Academf‘éauginq_Statién was compared‘to the wind
velocity‘at each of the study sites (Table B.i), there were
minor differences which are attributéble to terréin effects,

station separation, and measurement correlation between the

opposite: Table B.l Comparison of winds at the Naval

Academy Gauging Station and at the field sites
described in Chapter IV.
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Table B.1 .

SOME COMPARISONS OF WIND MEASUREMENTS

Naval Academy
Gauging Station
Hourly Average

On-Site Wind
Description At
1 Meter. Above

o ) B D X
!

-l an =l 0N Gl o0 AN S N el O e am
' 4 a . b

Date Site The Water Surface Wind Speed
March 5, 1980 D 4-5 m/sec 6 knots
‘qusts to 9 m/sec (3 _m/sec)
March 5, 1980 A 2-6 m/sec 6 knots
gqusts to 9 m/sec {3 m/sec)
March 5, 1980 E 5-7 m/sec 8 knots
. (4 m/sec)
March 5, 1980 D 5-7 m/sec 9 knots
v gusts to 10 m/sec (4.5 m/sec)
March 10 1980 _ D 3-5 m/sec : 7 knots
' gusts 7-10 m/sec (3.5 m/sec)
March 10, 1980 a 3-5 m/sec 7 knots
_ . qusts 5-7 m/sec (3.5 m/sec)
March 11, 1980 E 1-2 m/sec 10 knots
. gusts to 7 m/sec (5 m/sec)
March 11, 1980 D 10 m/sec T0 knots
. gusts to 13 m/sec (5 m/sec)
March 11, 1980 D 10 m/sec ' 8 knots-
’ gusts to 14 m/sec (4 m/sec)
. March 11, 1980 E 0 ' 8 knots
. . gusts to 4 m/sec (4 m/sec)
March 11, 1980 B 4-5 m/sec . 11 knots
_ gusts to 7 m/sec (5.5 m/sec)
March 11, 1980 C 4-6 m/sec 11 knots
. gusts to 12 m/sec (5.5 m/sec)
March 18, 1980 D 7 m/sec 12 knots
_ gusts to 14 m/sec (6 m/sec)
March 18, 1980 E 0-2 m/sec 12 knots
: qusts to 5 m/sec {6 m/sec)
March 18, 1980 B 3-5 m/sec - 12 knotsg
qusts to 11 m/sec (6 m/sec)
March 18, 1980 C 6-7 m/sec - | 12 knots
gusts to 14 m/ébc (6 m/sec)
March 18, 1980 A -4-6 m/sec 12 knots
gusts to 10 m/sec {6 m/sec)
March 18, 1980 D 7-10 m/sec ] 12 knots.
gusts to 13 m/sec {6 m/sec)
March 18, 1980 A 2-4 m/sec 12 knots
gusts to 6 m/sec (6 m/sec)



wave height at a particular site and the average hourly wind
velocity at the Naval Academy.

" The hourly averages of wind speed and' direction were
visually determined from continuously recording strip charts
(Figure B.2). These were compiled to produce the monthly
wind roses shown in Figqure B.3. This diagram also containé
monthly wind roses documenting wind patterns at the
Annapolis Naval Academy over a previous 15 year period. The
comparison of the two sets of wind roses contains no
evidence to suggest fhe winds in the study year were
substantially different from normal, considering"that the
present study uées hourly averages, and that the 15 year
record used two daily instantaneous measufementsb(piobably
infrequently collected at night). .

The wind rose data for thevyear of observation shown in
'Fiqére B.3 is presented in another form in Figure B.4. This
fiqure-indicates ﬁhe distribution of winds which were -used

to construct the models of wind-wave energy.

_ . o _
opposite: Fiqure B.3 Two sets of monthly wind data

: collected at Annapolis (obtained from the U.S.
Dept. of Commerce, National Climatic Center,
Asheville, N.C.). :

L

next pages: Figure B.4 (left) Wind distribution at
Annapolis, Md from November 1978 through
October, 1979. .

Figure B.5 (right) Plots of wave measurements at
ecach of the study sites, presented according to
the wind speed and direction measured at the

" Naval Academy gaug1ng station.
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Figure B.5 indicates the rangeiof wind speeds for which
on-site measurement of wave heights were collected. Thisl
figure shows that few observations were made at the higher

wind speeds. As a result, the contours of wave heights at

the highér wind speeds in Figure B.6 a-f are shown by’dotted

lines. These diagrams show the ranges of measured
siqhificant wave‘heiqhts plottéd'accordinq to the wind
conditions recorded at the Annapolis Naval Academy
meteorological station. The diagrams aiso show the fetchés
" at each study site in shaded areas. The site-specific
modelé of‘waQe height are particularly reliable within the
range of the most frequent hourly aVefaqe speedé.(o—lo

- knots). -

Thréé modgls wefe prepared for each site for three
different velociﬁy durations.' The 0-1 hour models wére_
_4comleed from wave observations collected at times when
lthere was a change in wind velocity greater than 2 knots at
the Annapolié Naval Academy gauging statibn within the hour.
The Lf2 hour models were compiled_from wave observations
collected af times when no change in wind velocity greater
than 2 knots occured within the previous two hours.  The >2
hour models were coﬁpiled from wave observations collected’
at times when no change in wind velocity greater than 2

knots occurred for more than 2 hours. .




- N e G 50 N N 0 U ) aE S au S N D B e e

C Results

i. Site-specific Models

The largest siqgnificant wave heights at'éach Site
genera11§ coincide with winds blowing from the directions
of greatest fetch. However, at Site B (near Goose Island),
the local topography and wave refraction (bending of the
wave fronts around irreqularities in the shoreline) seem to
have infiuenced the waves so that the laréest wave heights
were measured when the wind at Annapolis was blowing from a
direction with very little fetch at the study site, Site FF
located near Site B shows similar behavior in the wind-wave
distribution.

Only ripples (wave heights less than 2 cm.) were
measured’ at each study site when the winds at Annapoiis_were_
blowing from directions with no fétch, But the diagrams in
Figure B;6 a-f show that some wave activity is inferred to
he present at the study sites.under;strong'windé greater
than 15 knots from these directions of no fetch. It is
important ﬁo note that Figure B.4 shows there were very few.
hours of wind speeds higher thén 10-15 knots gurinq the year
of observations, and many of these hours of higher wind

speed were at times when the shoreline sites were covered

next pages: Figures B.6 a-f Site-specific models of wind-
generated waves at each of the five study sites
described in Chapter IV. The shaded areas show
.the distribution of fetch, The wave measure-
‘ments are plotted according to the wind speed
and direction measured at the Annapolis Naval
Academy. '
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with ice. So, the inferred distribution of wave heights ét
these large wind speeds does not have any important effect
on the computation of the wind-wave energy budget for this
study.

ii. Computation of Wave-Enerqgy Budget

InIOrder to be able to transform wave height into Qéve
enerqy, the following experiment was conducted. Both the
electrical resistance continuous wave height recorder and é
'graduated staff were ﬁsed simultaneously to measure wave
heights over a range of wave conditions. From the wave
recorder strip chart, the RMS wave heiqht was determined for
each parcel of waves'measﬁred. This in tufn waé converted

into a measure of energy by the equation:

1

e = 2
E,6 = 2 gNH
w ‘ rms B.1
s £
.where: E, = average énerqy per unit surface

area (ft-1bs/ft); :
Hypg = RoOOt mean square wave height;

= (BH?/N)I/z, i=1,2,...,N;
1

1

/Dg Specific gravity of water
= 62.5 1lbs/ft3

Figure B.7 shows the relationship between observed
breaking wave height as measured by the qraduated staff, and
total energy in the corresponding individual wave packets as
measured by the wave recorder. The dotted line in Figure
B.7 is the least square polonomial regfession line which
models the relationship between these two quantities. The

equation for this model is:

B-15




E, = -2.877 + 3.867 h - .068 h? B.2
where: E, = wave energy (ft-1lbs/ft/min)
o

observed wave height in centimeters

The presence of a negative leading term on the right hand
side of‘this equation-squests there is ﬁeqative wave energy
at zero wave height. This spu:ious result shows the model
is approximate, and is a consequence of sampling error and
measurement error. In pgactice, this is qf no consequence
as all wave heights leading to negative energies were
assigned zero enerqgy. ’

— On the basis of the above formula, wave heighté at
1 cm. iﬁtervals were gransformed to wavé enérgies.and éummed_
within months. In this manner, monthly wind-wave energy
budgets for each of the sites were developed, and are shown
in Tables 7.2, 7.3, and Figure 7.7.

iii. Precision of Wave-Enerqgy Estimates

One important question about the wave eﬁérgy budget
is: What is the precision with which the monthly total
wind-wave energy is estimated by the above method? The
following discussion presents a rough estimate of this
precision.

Total Enerqgy "E,p" is the sum over the hours in the
month "M" of the energy—per—hour resulting from waves of a
given height "h" whicﬁ were genergted by-a wind of velocity.

"V" at Site "S". This can be symbolically represented by:

B-16



Total Energyy,g = 2. Energy (h(V,S))
hours in
month
The rélationship h{Vv,S) is given by the models displayed in
Figure B.6 a-f. A relatidnship between wave enerqgy and wave
height is giveﬁ by the graph in Figure B.7 The variability
associated with each hour of estimated wave enerdy is an

accumulation of:

o the errors in estimating the average
hourly wind velocity;

o the variability in observed wave height
for a given wind velocity;

o the variability in energy per hour as a
function of observed wave height.

. In the analysis of the study data, the average hourly
wind speed on the strip charts w;s estimated to within + 1
knot, and the aberage wind direction was estimated to within
+.22.5°. These_magnitudes»of error in measuring wind speed
~and direction typically translate into'a wave height error
of + 1 cm. on the wave height models of Fiqure B.6 a-f. The
data from which theseiwavé height models were developed also
had typical variabilities which were estimated as follows:

- + 1 cm. for wave heights measured at wind
velocity <5 knots :

- + 2 cm. for wave heights measured at winds
between 5 knots and 10 knots

- + 4 cm. for wave heights measured at winds
greater than 10 knots '

ogposité: Figure B.7 . Observed breaking wave heights plotted
. against the energy in the waves.
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The errors in measufinq wave heights and in correlating

wave height to wind speed and'direction together result in
an error in wave height of + 2 cm. aésociated with waves of
.5 cm.; an error in wave height of + 3 cm.'associated with
5-10 cm. waves, and an error in_wave height of + 5 cm.
associated with';lo cm, waves. This variability in wave
height translates into a variability in wave energy which is
shown in FiqureAB;7. - For example, waves of 5 +2 cm. have an
‘estimated energy within +6 ft-1b/ft/min; and waves of 8 +3
cm., haye‘an estimated energy within +8 ft-1b/ft/min.

For a'gingie Value of iBIft-lb/ft/ﬁin. (equivalent to .

+480 ffllb/ft/hr), there is a standard deviation of 240

ft-1b/ft/hour, assuming *+ 480 represents + 2¢ . Summing this

variability over 720 independent hourly energy estimates for'

the month gives a total variance of: 720 (240)2 =
41,472,000 £t-1b/ft/month2 or a standard deviation of 6440
ft—ib/ft/month.

Since total wave'enérqy for any month is typiéallonn
the order of 400 .000 ft-1b/ft/month (Table 7.3), the error
+2g in the calculation of total énerqy "Eh">by the methéd
described in this chapter yieids a precision of
2(6440/400,000). This is equivalent to an error of + 3.2%.

This estimate is rough, but it is very unlikely to be
off by any factor greater than 2. Even in such a qasé, the

precision of mbnthly wave-enerqgy estimates are judged to be

quite good.




APPENDIX C

SHALLOW WATER WAVE GAUGE

"A shallow water wave gauge was constructed by
CEA based on a design by McGoldrick (1969). The sensing
element of the device is a capacitance probe féeaturing a
léop of Teflon-coated wire (No. 20) mounted on a éupporting
rod. The Teflon insulation forms the dielectric and the
central conductor and conducting‘fluid surrounding the wire
form electrical plates. If the insulation is uniform and
end effects are negligible, then the capacitance varies
linearly with the proportion of the wire length immersed
in the conducting fluid (sea water). A transistorized

detector (Figure C.1l) converts changes in capacitance into

" a variable D.C. voltage which is routed to a strip chart

' recorder (linear model 142). Teflon must be used as the

insulatiﬁg material because of its high resistance to
"wetting" by filmé of water that would otherwise delay the-
response of the gauge in seﬁsing the rapid fall in water
level following the passage of a wave.

The CEA wave gauge is designed primarily for shallow-
water applications in small estuaries and creeks. The

sensing unit containing the detector and wire loop is a

Next pages: Figure C.l. (left) Transistor Wave Detector
(after McGoldrick, 1969).

Figure C.2 (right) Wave gauge calibration
data. ‘
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IN FEET

INDICATED HEIGHT

I . I ok

1 2 3

TRVUE HEIGHT IN FEET

WAVE GAUGE CAL{BRATION DATA

Figure c.2
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1l-inch diameter PVC rod installed by thrusting its sharpéned
end into the bottom.  a ciréular footplate mounted 18 inches
above the bottom of the rod aids in the installation and
provides added.stability to £he-probe in maintaining a
vertical position. A ldo-foot conductbr cable attached'just
above the foot plate carries the D.C. voltage output of the
detector back to the recording unit on‘shore.' The sensing
unit can be installed in depths varying between 1 and 3 feet
and will sense changes in water level over a vertical range
‘of‘4 feet. Markings on the rod at half-foot intervals are
provided to allow field calibration checks to be obtained as
necessary. Ccalibration checks should be performed in calm
water by holding the probe at 2 or more depths for several
seconds and noting the indicated depth intervals on the
recorder. Calibration adjuétments_are made by adjusting the
signal attenuation control until the intervals égree.

The detector circuitry is_housed in a water-resistant
casing at the top of the probe. Thé unit is activ&ted by
means of a s&itch exposed when the housing cap is removed.
Power is supplied by a 9-veolt transistor battery located
insi&e the>casing. This battery should be revlaced after
each 50 hours of use.  The circuit diagram of the detector
unit is presented in Figure C.1.

.Laboratory tank calibration tests show exceilent
_linearity in gauge response over the full 4-foot depth

range (Figure C.2).
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